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1. Introduction
The chemical composition of living cells varies
markedly from that of the environment. In order to
keep these imbalances, the cells are surrounded by
membranes that usually consist of a lipid bilayer into
which specific proteins are incorporated. As cellular
components in the cytoplasmic interior of the cells
are water-soluble the lipid bilayer functions as a
perfect barrier, amenable to maintain large gradients
of these molecules between internal and external
compartments. The proteins incorporated into the
membranes have more sophisticated tasks: they are
responsible for the generation of chemical and elec-
trical gradients and their conversion into useful work.
Membrane proteins also allow the specific transport
of a variety of molecules leading to a controlled
exchange of matter between the cellular interior and
the environment that is a prerequisite for life. Other
membrane proteins have been specialized to monitor
specific chemicals in the environment or light of a
specific wavelength and to transduce these signals via
sophisticated networks of transmitter molecules into a
variety of cellular responses.
In order to generate a chemical andror electrical
solute gradient, the membrane must be equipped with
a primary pump. These are vectorial catalysts that can
use chemical or light energy to perform transport of
charged or uncharged molecules across the mem-
brane against the concentration gradient. While the
active transport of uncharged molecules gives rise to
a chemical gradient only, the transport of charged
molecules in addition leads to the generation of a
membrane potential. From a physiological point of
view, the primary transport systems can be grouped
into two distinct categories.
The pumps of the first category serve the cells
directly and have no function in energy transduction.
Examples are the ATP-driven importers for certain
amino acids or sugars or exporters of poisonous
wchemicals or other compounds 5,74,78,110,111,184,
x231 from the cells. The latter group includes trans-
w xporters for arsenicals or antimonite in bacteria 207
or the multidrug resistance transporter that is respon-
sible for the resistance of tumor cells to chemothera-
w xpeutic drugs 76,96,110 . Several P-type ATPases can
also be grouped into this category. They serve nutri-
tional needs by accumulating or extruding metal ions
 q q 2q 2q q. wK , Cu , Mg , Cd , Ag 3,133,166,173,186,
x194,223,243 , they acidify the lumen of the stomach,
 2q.establish ion gradients for signaling Ca or electri-
 q q. wcal excitation Na , K in nerve cells 31,95,192,
x208,220,252 .
The physiological function of the second category
of primary pumps is to create an energized state of
the membrane in the form of an electrochemical ion
gradient, that may be used by other membrane-linked
systems to perform work. This work can either be
mechanical, as exemplified by the movement of the
w xbacterial flagellar motor 172 , or chemical, as exem-
wplified by the synthesis of ATP 21,80,100,132,179,
x193 , or osmotic, as exemplified by nutrient uptake
by one of the numerous secondary transport systems
w x155 . It is the energetic linkage between these sys-
tems that has been predicted by Peter Mitchell in his
w xfamous chemiosmotic theory 177–180 . Specifically,
this theory predicts the formation of an electrochemi-
 .qcal proton gradient Dm across the membrane byH
( )P. DimrothrBiochimica et Biophysica Acta 1318 1997 11–51 13
harnessing the free energy of oxidation reactions
during respiration, or light energy during photo-
synthesis. The protein catalysts located within the
membrane couple the exergonic chemical reaction or
the absorption of light to an electrogenic transport of
protons across the membrane, thus creating an ener-
gized state in the form of Dm q that consists of anH
 .electrical term Dc and the chemical pH gradient
 .  .DpH . The two parameters are linked by Eq. 1 .
Dm q 2.3 RTH sDcy DpH 1 .
F F
The theory further predicts that Dm q is a con-H
vertible energy form of the cell that can be used as
driving force for endergonic reactions such as the
synthesis of ATP.
In the past, all respiratory chain complexes from
mitochondria and many more from bacteria have
been isolated and studied in considerable detail. The
genes encoding these protein catalysts have been
cloned and sequenced, and essential residues for
catalysis have been identified by mutational analyses
w x8,21,30,79,167,210,242,254,260 . A new area began
with the elucidation of a high resolution structure of
the photosynthetic reaction center of Rhodopseu-
domonas ˝iridis, the first energy converting mem-
brane protein, which could be crystallized and its
w xstructure solved 37,38 . The crystal structures of the
F part of the F F ATPase from bovine heart mito-1 1 0
w xchondria 1 and of the cytochrome c oxidases from
mitochondria and Paracoccus denitrificans were
w xsolved recently 134,245,246 . These are additional
milestones on the way to understand in molecular
terms how the energy converting vectorial catalysts
function.
In Mitchell’s view of oxidative phosphorylation,
the specific circulation of protons over the membrane
through the respiratory chain complexes and the F F1 0
ATPase was an inevitable element. Proton pumping
by the respiratory chain was envisaged by formulat-
ing redox loops, where a carrier for Hq and ey is
reduced and protonated at the inside. After traversing
the membrane, the electron is delivered to a pure
electron carrier, and the proton is released to the
outside. For the mechanism of ATP synthesis the
direct participation of the vectorial protons in the
chemical events of the catalysis was postulated: pro-
tons traversing the membrane through F all the way0
into the catalytic center of ATP synthesis in F were1
thought to combine with an oxygen atom of phos-
phate to form water and making the remainder of the
phosphate molecule highly electrophilic for conden-
w xsation with ADP to form ATP 177–180 .
In this background of reasoning it was much of a
surprise when we discovered in 1980 that oxaloac-
etate decarboxylase of Klebsiella pneumoniae acted
q w xas a primary Na pump 53 . The properties of this
enzyme immediately suggested that it belongs to the
second category of pumps, i.e. those involved in
energy converting membrane reactions. In this sense,
the detection of the oxaloacetate decarboxylase Naq
pump was the discovery of a Naq bioenergetics. This
exists in parallel to the Hq bioenergetics, believed
previously to be the exclusive form of membrane-lin-
ked energy transductions. A few years later, the
principle of Naq bioenergetics was corroborated by
our finding that in Propionigenium modestum a Naq
cycle is operating and functioning as an energetic
link between the methylmalonyl-CoA decarboxylase
Naq pump and a unique Naq-translocating F F AT-1 0
w xPase 120,161,162 . Besides oxaloacetate decarboxyl-
w xase 53,54,56,57 and methylmalonyl-CoA decarbox-
w xylase 115,116 , glutaconyl-CoA decarboxylase was
w xfound by Buckel 25,26 to be another member of the
Naq-translocating decarboxylase family. Another im-
portant early finding was that of Tokuda and Un-
emoto, who reported the presence of a
NADH:ubiquinone oxidoreductase in Vibrio algi-
nolyticus acting as a Naq pump, i.e. a Naq pumping
respiratory chain enzyme, equivalent to proton-pump-
w x qing complex I 238–241 . Another primary Na pump
of interest is the N 5-methyltetrahydrometha-
nopterin:coenzyme M methyltransferase of
methanogenic bacteria that was discovered by
w xGottschalk and coworkers 11,12 . Hence, in compar-
ison to proton translocating energy transducers, there
is only a limited number of the Naq translocating
counterparts. These systems have been studied exten-
sively during the past and have given valuable in-
sights into the catalytic mechanism of Naq-transloca-
tion across the membrane. In case of the F F AT-1 0
Pase which exists as a Naq and as a Hq-translocating
variant in different species, the mechanism of Naq
translocation has a great impact on the understanding
of the Hq translocation mechanism, as well.
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In this article I will review the more recent
achievements with the Naq-translocating enzymes.
For other aspects of this field and previous results the
wfollowing reviews may be consulted: 23,58,59,61–
x65,118,234 .
2. NaH-translocating decarboxylases
Several anaerobic bacteria dispose of membrane-
bound enzymes that catalyze a decarboxylation reac-
tion as a regular step of the catabolism of the growth
substrate and thereby perform an active transport of
Naq ions across the membrane. Oxaloacetate decar-
boxylase is involved in the fermentation of citrate by
w xKlebsiella pneumoniae 187–189,226 and of citrate
or D- or L-tartrate by Salmonella typhimurium
w x264,265 . Methylmalonyl-CoA decarboxylase takes
part in the fermentation of lactate to acetate, propi-
w xonate, CO and H by Veillonella par˝ula 85,1162 2
and of succinate to propionate and CO by Propioni-2
w xgenium modestum 120,211 . Glutaconyl-CoA decar-
boxylase is an essential enzyme in several glutamate
degrading anaerobic bacteria, e.g. Acidaminococcus
w xfermentans or Fusobacterium nucleatum 9,25,26 .
Malonate decarboxylase is responsible for the decar-
boxylation of malonate to acetate in Malonomonas
w xrubra 36,113 . All four different decarboxylases
mentioned belong to the family of Naq translocating
decarboxylases that couple the exergonic chemical
 oX . qreaction DG fy20 kJrmol to an active Na
transport to the outside of the cell across the mem-
brane. The occurrence of these decarboxylases and
some of their properties are compiled in Table 1.
Oxaloacetate decarboxylase, methylmalonyl-CoA de-
carboxylase and glutaconyl-CoA decarboxylase are
closely related membrane-bound complexes, while
malonate decarboxylase consists of several soluble
and membrane-bound proteins and has unique cat-
alytic properties which are described in Section 2.5.
All members of the Naq translocating decarboxyl-
ase family share a number of characteristic features.
First, they are biotin enzymes, and the biotin pros-
thetic group is essential for the catalysis of each
w xspecific decarboxylation reaction 26,56,85,112,116 .
 .Second, the catalysis involves two distinct steps: a
transfer of the carboxyl group from the substrate to
  ..the prosthetic biotin group on the enzyme Eq. 2a
and decarboxylation of the carboxybiotin residue with
Hq as the second substrate yielding CO and the2
  ..unsubstituted biotin group as products Eq. 2b
w x26,56,67,69,116 .
RyCOOyqE-biotin | RHqE-biotinyCOOy
2a .
E-biotinyCOOyqHq“E-biotinqCO 2b .2
y qRyCOO qH “RHqCO2
Third, the carboxyltransfer reaction is catalyzed by
 .a water-soluble subunit of 55–65 kDa a and the
decarboxylation reaction is catalyzed by an integral
 .membrane subunit of 40–45 kDa b , possibly in
combination with another membrane-bound subunit
 . w xof 9–14 kDa g or d 13,24,45,67,126 . Fourth, the
enzymes are membrane-linked complexes oxaloace-
tate decarboxylase; methylmalonyl-CoA decarboxyl-
.ase, glutaconyl-CoA decarboxylase or contain inte-
gral membrane-bound components malonate decar-
.boxylase . Fifth, the decarboxylation reaction is
specifically activated by Naq ions and coupled to
Naq translocation when the decarboxylases are mem-
w xbrane-incorporated 26,55–57,112,116,117 . Sixth,
the substrate stereochemistry of all four decarboxyl-
ases mentioned above is retention of configuration
w x22,54,122,175 .
2.1. Oxaloacetate decarboxylase from Klebsiella
pneumoniae and its role in anaerobic citrate fermen-
tation
Early microbiological evidence had indicated that
anaerobic growth of K. pneumoniae on citrate was
q w xNa -dependent 187–189 . This dependence corre-
lates biochemically with the Naq requirement of two
proteins that are essential for the fermentation of
w xcitrate: oxaloacetate decarboxylase 226 and the
 . w xanaerobic citrate carrier CitS 68 . Early observa-
tions also indicated that the enzymes of the citrate
fermentation pathway citrate lyase and oxaloacetate
decarboxylase were inducible and that the induction
required citrate, Naq and anaerobic conditions
w x187,188 . Investigations of the molecular basis for
the regulation of the expression of these enzymes
w xhave only recently been conducted 17,18 .
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Fig. 1. The cit regulon of Klebsiella pneumoniae. The regulator
CitB binds between citC and citS, where it induces the transcrip-
tion of the genes required for citrate fermentation. The function
w xof the CitG protein is unknown 18 .
The cosmid pES3 conferring to E. coli the prop-
w xerty to grow anaerobically on citrate 215 harbors a
cluster of genes that are specifically required for
citrate fermentation and are believed to form a regu-
w x  .lon 18 Fig. 1 . These include the gene for the
q  . w xNa -dependent citrate carrier CitS 250 that is
flanked downstream by the genes for oxaloacetate
 . w xdecarboxylase oadGAB 165,216,266 and upstream
by the citCDEFG genes coding for citrate lyase
 .  .ligase CitC , citrate lyase CitDEF and a protein of
 . w xyet unknown function CitG 17 . The citCDEFG
gene cluster is oriented divergently to citS-oadGAB.
In addition, a two component regulatory system citAB
located downstream of the oadB gene has recently
been identified, where CitA is the sensor kinase and
w xCitB is the response regulator 18 .
The essence of the CitAB system for an expression
of the citrate-specific fermentation enzymes has been
demonstrated by mutational analyses. CitB null mu-
tants of K. pneumoniae were unable to grow anaero-
bically with citrate as sole carbon and energy source
 y .Cit phenotype and none of the citrate-specific
fermentation enzymes were synthesized, if these cells
were grown anaerobically with citrate plus glycerol
w x18 . These enzymes were present, however, in wild-
type cells grown under the same conditions. This
showed that citS, oadGAB and citDEF required the
CitB protein for expression and therefore are part of a
regulon. From analogy to other two component regu-
w xlatory systems 121,191,228 , it is assumed that in the
presence of specific signal molecules CitA is first
autophosphorylated with ATP as substrate. After de-
livering the phosphoryl moiety to CitB, this binds to
a specific target within the cit regulon, thereby in-
ducing the transcription of its genes. The signals
triggering the autophosphorylation of CitA could be
citrate, Naq, or a low oxygen level, as evidenced
from the induction of the citrate fermentation en-
zymes by whole cells. However, for more detailed
studies on signal recognition and transmission by
CitA a purified in vitro system would be highly
desirable.
The citrate fermentation pathway of K. pneumo-
niae and the location of the participating enzymes
w xwithin the cell is depicted in Fig. 2 60,65 . The
fermentation of citrate leads to the formation of 2
acetate, 1.5 CO , and 0.5 formate and is coupled to2
the formation of 1 ATP by substrate level phosphory-
lation. Of special interest in this pathway is the
cycling of Naq ions across the membrane, elicited by
three different systems: the Naq pump oxaloacetate
decarboxylase which acts as a Dm q generatorNa
w x q53,57 and the Na pumping NADH:ubiquinone ox-
idoreductase that operates in the direction of NADH
formation and therefore acts as a Dm q consumerNa
w x  .196 Fig. 2; see also Section 3 . The third system
participating in the cycling of Naq is the Naq-citrate
w xsymporter CitS 68 . It is clear, that under physio-
logical conditions, the outward and inward fluxes of
Naq ions must be balanced. In a growing K. pneu-
moniae cell the Naq to oxaloacetate stoichiometry is
Fig. 2. Citrate fermentation pathway in K. pneumoniae and
location of the enzymes involved. Citrate is transported into the
q  .cell in a symport with Na . Citrate lyase CL cleaves it to
acetate and oxaloacetate. The latter is decarboxylated to pyruvate
by the oxaloacetate decarboxylase Naq pump. Pyruvate formate
 .lyase PFL forms formate and acetyl-CoA from pyruvate.
Acetyl-CoA is converted to acetyl-phosphate by phospho-
 .transacetylase PTA and further to acetate with ATP generation
 .by the acetate kinase AK reaction. Formate is oxidized to CO2
by membrane-bound formate dehydrogenase with ubiquinone as
electron acceptor. Dm q-driven reversed electron transfer yieldsNa
NADH and ubiquinone from NADq and ubiquinol.
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w x  .probably close to 1.5 73 see Section 2.4 . As part
of the Naq ions return into the cell via the Naq-trans-
locating NADH:ubiquinone oxidoreductase, only
about 1 Naq is left that could be transported into the
cell together with citrate by CitS.
Based on the sequence of CitS, the carrier was
grouped into the family of transporters comprising 12
w xtransmembrane a-helices 250 . Transport studies
with crude CitS preparations performed in two differ-
ent laboratories yielded conflicting results with re-
spect to the driving forces and the Naq to citrate
w xstoichiometries 68,71,170,250,251 . These ambigui-
ties were recently solved in thorough studies of the
transport kinetics with a reconstituted proteoliposo-
w xmal system containing purified CitS 200 . The car-
rier protein was fused by molecular genetic tech-
niques at its C-terminus to a biotin peptide or at its
w xN-terminus to 6–10 histidine residues 201 . These
fusion proteins were subsequently purified by affinity
chromatography and were shown to be catalytically
active. The His-tagged CitS moved as a single band
on SDSrPAGE but CitS with the biotin protein
fusion revealed two bands of equal staining intensity.
Only the slower moving polypeptide contained the
biotin fusion. Isolation of a 1:1 mixture of CitS and
CitS fused to the biotin peptide by avidin-Sepharose
affinity chromatography, which only retains biotin-
containing molecules implies that the carrier forms an
w xoligomer, most likely a dimer 201 .
Transport studies with purified His-tagged CitS
reconstituted into proteoliposomes revealed the fol-
w xlowing 200 : citrate uptake was an electroneutral
process, where DpNaq andror DpH were driving
forces. Dc was unable to stimulate citrate transport
either alone or in addition to the other driving forces.
Interestingly, internal Naq ions stimulated citrate
transport into the proteoliposomes although the
DpNaq was reduced. This observation has been ex-
plained by a catalytically active CitS dimer that
exposes binding sites for Naq to both sides of the
membrane. The two sites must be occupied before
citrate transport can occur. The citrate carrier not
only catalyzed DpNaq andror DpH-driven citrate
uptake but also citrate counterflow, which suggested
that not only Naq but also citrate binding sites are
exposed to both membrane sides. The kinetics of
citrate counterflow revealed a simultaneous mecha-
nism, indicating that citrate and Naq binding sites on
both sides of the membrane must be occupied, before
the translocation of these molecules across the mem-
brane can be accomplished. Another intriguing obser-
vation was an inherent asymmetry of the carrier
protein: while the binding affinity for citrate was low
 .on the inside mM range under counterflow condi-
tions high internal and low external citrate concen-
.  .trations it was high on the outside mM range . In
the uptake mode, only the external citrate site will be
occupied with this tricarboxylic acid. It has been
speculated that under these conditions the internal
site may be occupied with a hydroxyl ion. Formally,
citrate transport could then be written as shown in
 .Eq. 3 .
HCit2y q2Naq qNaqqOHyout out in in
“HCit2y qNaqqOHy 3 .in in out
The anticipated transport of a hydroxyl ion is of
course mere formalism and could more likely pro-
ceed by an abstraction of a proton from a protonated
amino acid side chain on one side of the membrane
and reprotonation of this group after the translocation
of citrate from the other side of the membrane. The
events of ion binding and translocation that lead to
citrate uptake by CitS are depicted in the model of
Fig. 3. It is clear from these results that the citrate
carrier is a relative of the mitochondrial carrier pro-
tein family, e.g. the phosphate carrier, that transports
inorganic phosphate in antiport with OHy electroneu-
trally into the mitochondrial matrix by a simultaneous
mechanism involving a dimeric protein structure
w x16,225 . CitS is clearly distinct from typical prokary-
otic carriers, e.g. the well studied lactose permease of
Fig. 3. Model for anaerobic citrate transport by K. pneumoniae.
 .The dimeric citrate carrier CitS is represented by the ovals
 2y .drawn in the membrane. The net transport of citrate HCit
q  .occurs electroneutrally in symport with 1 Na and formally in
w xantiport with a hydroxyl ion 200 .
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w xE. coli 135 . This carrier is a catalytically active
monomer, and the transport follows a ping-pong ki-
w xnetic mechanism 86 .
2.2. Structure of oxaloacetate decarboxylase and re-
lated Naq-translocating decarboxylases
The primary structures of several Naq-translocat-
ing decarboxylases were deduced from the DNA
sequences of the corresponding genes. Oxaloacetate
decarboxylase of K. pneumoniae consists of three
subunits, the membrane-bound b and g subunits of
44.9 and 8.9 kDa, to which the peripheral biotin-con-
taining a subunit of 63.6 kDa is attached
w x165,216,266 . Methylmalonyl-CoA decarboxylase of
Veillonella par˝ula consists of five different subunits
with molecular masses of 55, 38.7, 12.9, 11.9, and
w x5.8 kDa, respectively 129 . Glutaconyl-CoA decar-
boxylase of Acidaminococcus fermentans consists of
w x an a subunit with 64.3 kDa 13 deduced from the
.DNA sequence and subunits of apparent molecular
masses of 36, 24 and 14 kDa, respectively deduced
. w xfrom SDS-PAGE analyses 9 .
2.2.1. The a subunit
The a subunit of oxaloacetate decarboxylase is
composed of two different domains, that are con-
nected by an extended alaninerproline linker peptide
w x67,216 . In this region, the protein is very suscepti-
ble to proteolytic cleavage. The larger N-terminal
 .domain f51 kDa harbours the carboxyl-transferase
activity, as evidenced from the profound sequence
identity to subunits of biotin enzymes e.g. transcar-
.boxylase, pyruvate carboxylase with the same sub-
strate specificity. The biotin-binding lysine resides on
the smaller C-terminal domain, 35 residues before the
C-terminus. This part of the protein was highly simi-
lar to other biotin-binding peptides. Investigations of
the decarboxylase by electron microscopy revealed a
cleft within the a subunit, dividing this protein into
two different domains and placing the prosthetic group
biotin in close proximity to the b and g subunits
w x35 . This information has been incorporated into the
low resolution structural model of the decarboxylase
shown in Fig. 4. The a subunit of methylmalonyl-
CoA decarboxylase lacks a prolineralanine linker
w xand a biotin-binding domain 129 . Its carboxyltrans-
ferase function which has been demonstrated bio-
Fig. 4. Model of the oxaloacetate decarboxylase Naq pump. The
b and g subunits are integral membrane proteins to which the
peripheral a subunit is attached. The catalytic cycle involves
carboxyltransfer from oxaloacetate to the prosthetic biotin group,
movement of the carboxybiotin into the decarboxylase site on the
b subunit and its decarboxylation with Hq as the second sub-
strate that is coupled to Naq translocation across the membrane
w x65 .
w xchemically 126 correlates with a profound sequence
identity to carboxyltransferases of other biotin en-
zymes with the same substrate specificity, e.g. the b
subunit of propionyl-CoA carboxylase from rat liver
or the 12S subunit of transcarboxylase from Propi-
w xonibacterium shermanii 156,232 . The glutaconyl-
CoA decarboxylase a subunit was identified as car-
boxyltransferase by biochemical tests after expression
w xof its gene in Escherichia coli 13 . This polypeptide
is also not fused to a biotin carrier peptide.
2.2.2. The b subunit
The b subunit is the most hydrophobic of the
three subunits. Long stretches of complete sequence
identity were found in the b subunits from oxaloac-
w xetate decarboxylase 165,266,267 , methylmalonyl-
w xCoA decarboxylase 129 and glutaconyl-CoA decar-
 .boxylase W. Buckel, personal communication . The
sequence was also homologous to a protein encoded
by a gene of the malonate decarboxylase gene cluster
of Malonomonas rubra M. Berg, H. Hilbi and P.
.Dimroth, unpublished . Data bank researches re-
vealed no homologies of the b subunits to any other
protein. Based on hydropathy plots and in part on
alkaline phosphatase fusion analyses the topology of
the b subunit can be predicted to comprise 11 trans-
w xmembrane a-helices 47 . The highest degree of se-
quence conservation among the different b subunits
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 .Fig. 5. Alignment of the amino acid sequences from the integral b subunits from methylmalonyl-CoA decarboxylase of V. par˝ula V ,
 .  .oxaloacetate decarboxylase from K. pneumoniae K and oxaloacetate decarboxylase from S. typhimurium S . Identical amino acids are
marked by an asterisk and conservative exchanges by a dot. The catalytically essential aspartate residue is marked by a diamond. Boxes
w xindicate the putative transmembrane helices of the protein. The sequences were taken from Refs. 129,165,265,266 .
exists within the putative membrane-spanning do-
mains. An alignment of these sequences is shown in
Fig. 5 where the putative membrane domains are
marked by bars. Most remarkably, there are only very
few charged and conserved residues in membrane
domains.
These are two aspartic acid residues D149 and
.  .D203 and an arginine residue R289 . It will be
 .shown below Section 2.4 that D203 is absolutely
essential for function while D149 is not.
( )2.2.3. The g d subunit
The g subunit of oxaloacetate decarboxylase con-
sists of an N-terminal membrane-spanning domain
that is connected to a hydrophilic C-terminal domain
via an alaninerproline-rich linker peptide
w x165,266,267 . The g subunit of the K. pneumoniae
decarboxylase contains three and that of S. ty-
phimurium contains four histidine residues in series
near the C-terminus. This motif could provide the
binding site for the Zn2q metal ion which is firmly
w xbound to this protein subunit 45,72 . The d subunit
of methylmalonyl-CoA decarboxylase is similarly
composed of an N-terminal membrane anchor, an
alaninerproline linker and a hydrophilic C-terminal
w xdomain 129 . No significant sequence similarities
have been found between these two proteins, how-
ever. Another difference is the lack of a polyhistidine
motif in the d subunit of methylmalonyl-CoA decar-
boxylase, consistent with the notion that this enzyme
is not a metalloprotein. The d subunit of glutaconyl-
w xCoA decarboxylase 9 is probably the corresponding
polypeptide in this enzyme complex. Sequence infor-
mation on this and the other subunits except a ,
however, is not yet available.
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(2.2.4. The biotin-containing polypeptide N-terminal
)domain of a , or g subunit
Whereas in oxaloacetate decarboxylase the biotin-
binding domain and the carboxyltransferase are fused
w xin the a subunit 67,216,267 , methylmalonyl-CoA
w xdecarboxylase 116,129 and glutaconyl-CoA decar-
w xboxylase 9 contain a separate biotin carrier protein
 .corresponding to the g subunit Table 1 . An align-
ment of the amino acid sequence of the g subunit of
methylmalonyl-CoA decarboxylase from V. par˝ula
with that of other biotin carrying polypeptides is
shown in Fig. 6. As in most biotin carrier proteins,
the biotin-binding lysine is located 35 residues before
the C-terminus, where it is flanked by a number of
 . w xhighly conserved amino acids LEAMKM 209 .
Other single conserved amino acids around this re-
gion and an alaninerproline pair at position 65r66
are important for the biotinylation of the apoprotein
w xby biotin ligase 33 . Another interesting region of the
g subunit is an extended alaninerproline linker: the
amino acids between residues 21 and 59 consist of 23
alanine, 11 proline, 2 lysine and 1 valine residue.
Although this is the most extended linker domain in a
biotin peptide noticed so far, the other biotin peptides
also have linker domain sequences in this region. An
alaninerproline linker is evident in the oxaloacetate
decarboxylase a subunit, a Q linker can be identified
in the biotin carrier protein from Streptococcus mu-
w xtans 258 and the biotin-containing 1.3S subunit of
transcarboxylase from Propionibacterium shermanii
contains a stretch of 9 glycine, 6 alanine and 2
w xproline residues in this region 174 . It is believed
that these linker domains are flexible regions
w x202,268 within each protein allowing the flip-flop
movement of the biotin prosthetic group between the
different catalytic sites in the biotin enzymes. In case
of the decarboxylases this is the carboxyltransferase
site on the a subunit and the decarboxylase site on
the b subunit.
2.2.5. The e subunit of methylmalonyl-CoA decar-
boxylase
The five genes mmdA, D, E, G and B encoding
subunits a , d , e , g and b are clustered on the V.
w xpar˝ula chromosome in that order 129 . The mmdE
gene encodes a polypeptide of 55 amino acid residues
only. This small protein was originally overlooked by
SDS-PAGE analyses of the purified decarboxylase
w x116 , but was recently identified to be a subunit of
the methylmalonyl-CoA decarboxylase complex
w x129 . It is interesting that the amino acid sequence of
the e subunit is 47% identical to the C-terminal
region of the d subunit. The e subunit may thus have
evolved by gene duplication. After its deletion neither
methylmalonyl-CoA decarboxylase nor Naq trans-
w xport activities were affected 130 . Participation of the
e subunit in catalysis can therefore be excluded. The
lack of the e subunit, however, affected the stability
Fig. 6. Alignment of the amino acid sequences of biotin enzymes in the region of the biotinylated lysin residue. Vp, g subunit of
methylmalonyl-CoA decarboxylase from V. par˝ula; Sm, biotin carboxyl carrier protein from S. mutans; St, a subunit of oxaloacetate
decarboxylase from S. typhimurium; Kp, a subunit of oxaloacetate decarboxylase from K. pneumoniae; Ps, 1.3 S subunit of
transcarboxylase from P. shermanii. Asterisks symbolize identical amino acids and dots conservative exchanges. The biotin binding
lysine is marked by a diamond. Putative linker sequences are shown in bold.
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of the complex, especially the binding of the a
subunit. This dissociated from the remainder of the
enzyme during chromatography on the monomeric
avidin-Sepharose column. Complexes were thus iso-
lated with substoichiometric amounts of the a sub-
unit. These could be fully reactivated by adding an
excess of the isolated a subunit. An additional sup-
w xply with the e subunit was without effect 130 .
The proposed role of the e subunit to stabilize the
enzyme complex is in accord with recent results from
our laboratory on the methylmalonyl-CoA decarbox-
ylase from Propionigenium modestum M. Bott et
.al., unpublished . DNA sequence analyses from this
organism revealed a gene cluster for methylmalonyl-
CoA decarboxylase similar to that found in V.
par˝ula. A striking difference, however, was the lack
of the gene for the e subunit. Attempts to isolate the
decarboxylase from P. modestum by the protocol
used for the V. par˝ula enzyme were not successful
because the complex was unstable. The majority of
the methylmalonyl-CoA decarboxylase was lost if the
membranes were separated from the cytoplasm by
ultracentrifugation. The enzyme eluted with biotin
from the subsequent monomeric avidin-Sepharose
column was inactive and completely devoid of the a
subunit.
2.3. Expression of the Naq pumps and of indi˝idual
subunits in Escherichia coli and analysis of their
function
Expression of the genes encoding the Naq-trans-
locating decarboxylases in E. coli is a useful tech-
nique to study by mutagenesis structurerfunction
relationships and for the production of large quanti-
ties of these enzymes for protein chemical analyses.
The oadGAB genes encoding the g , a , and b sub-
units of the oxaloacetate decarboxylase Naq pump
were cloned into the vector pBluescript so that the
transcription was controlled by the lac promoter. The
membranes of the recombinant E. coli clone con-
tained about three-times as much catalytically active
oxaloacetate decarboxylase as those of the K. pneu-
moniae strain from which the genes were derived.
The decarboxylase was readily purified from a Triton
X-100 extract of the E. coli membranes by avidin-
Sepharose affinity chromatography. Its Naq transport
function was demonstrated after reconstitution into
w xproteoliposomes 45 .
Valuable insights into subunit interactions were
obtained from expression studies with combinations
of two of the three subunits. The hydrophobic b
subunit and the bg subunit pair were incorporated
into the membrane. The a subunit was exclusively
located in the cytoplasm, if expressed alone or to-
gether with b. It became membrane associated, how-
ever, if expressed together with g . The a subunit is
thus linked to the membrane via the g and not via the
b subunit. A ag complex has been extracted from
the membranes and purified by avidin-Sepharose
affinity chromatography. On the addition of this com-
plex to the b subunit, the oxaloacetate decarboxylase
was functionally reconstituted. The activity was also
reconstituted, if the a subunit was added to a bg
complex within the membrane. These results thus
indicate that the oxaloacetate decarboxylase complex
sticks together through specific interactions of the g
subunit with either of the two other subunits a and b
w x45 .
Carboxyltransfer from oxaloacetate to the protein-
bound biotin residue could be demonstrated with the
isolated a subunit. However, the reaction rate was
about three orders of magnitude too slow to account
for the turnover within the enzyme complex. A sig-
nificant increase in the velocity of the carboxyl trans-
fer reaction in the additional presence of the g sub-
unit indicates that this polypeptide participates in the
catalysis. A possible role of the g subunit is to
polarize by its bound Zn2q metal ion the carbonyl
oxygen bond of oxaloacetate. This should facilitate
the carboxyltransfer to biotin and therefore accelerate
the reaction. The g subunit was also required for the
decarboxylation of the carboxybiotin bound to the a
subunit, because the reaction was not catalyzed by
w xadding the b subunit alone 45 .
The a subunit was strongly overexpressed from a
pT7-7-derived plasmid, but was only partially bio-
tinylated under these conditions, apparently because
the amount of the biotin ligase synthesized by the E.
coli cells was too low. The defect could be cured by
coexpression of the birA gene encoding the biotin
.ligase and the oadA gene on the same plasmid.
The structural genes of the Naq pump methyl-
malonyl-CoA decarboxylase from V. par˝ula were
originally cloned on three overlapping plasmids for
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w xsequencing 129 . The genes were fused in the correct
 .order mmdADECB on a single plasmid behind a T7
 .promoter and transformed into E. coli BL21 DE3 ,
that expresses the T7 RNA polymerase under the
w xcontrol of the lac promoter 130 . The expressed
methylmalonyl-CoA decarboxylase was a functional
Naq pump, but its specific activity was considerably
lower than that synthesized by V. par˝ula. Reasons
for this discrepancy are the incomplete biotinylation
of the g subunit which can be avoided by coexpres-
sion of the birA gene and the presence of substoi-
chiometric amounts of the a subunit. Upon adding
the a subunit expressed separately from the plasmid
pT7a , the intact methylmalonyl-CoA decarboxylase
enzyme complex was reconstituted and could be iso-
lated by avidin-Sepharose affinity chromatography.
The gcdA gene encoding the 65 kDa carboxyl-
 .transferase a subunit of the glutaconyl-CoA decar-
boxylase enzyme complex from Acidaminococcus
fermentans was not flanked by genes encoding the
w xadditional subunits of the enzyme 13 . The carboxyl-
transferase which was functionally expressed in E.
coli not only catalyzed the transfer of the carboxyl
group from glutaconyl-CoA to enzyme-bound biotin
but also to free biotin or biocytin.
2.4. Catalytic mechanism
Most studies on the catalysis of the decarboxyla-
tion reaction and its coupling to the vectorial move-
ment of Naq ions were performed with oxaloacetate
decarboxylase. I therefore want to restrict the descrip-
tion of the catalytic mechanism mainly to this en-
 .zyme. The reaction cycle Fig. 4 is initiated by the
carboxyl transfer from oxaloacetate to the enzyme,
which is independent from the presence of Naq ions.
The cycle is completed by the Naq-dependent decar-
boxylation of the protein-bound carboxybiotin. The
latter reaction is coupled to Naq translocation across
 . w xthe membrane according to Eq. 4 56,57,67 .
E-biotinyCOOyq 1y2 NaqqHq . in out
|E-biotinqCO q 1y2 Naq 4 .  .2 out
The movement of the biotin prosthetic group be-
tween the carboxyltransferase and the decarboxylase
 .sites on the a and bg subunits, respectively, is an
essential element in the catalysis. The flexibility for
this movement is probably accomplished by the pro-
lineralanine linker domains in the a and in the g
subunit. It is conceivable that the carboxylation of
biotin pushes this residue out of the carboxyltrans-
ferase site and attracts it by the decarboxylase site
from where it switches back to the carboxyltrans-
ferase after the decarboxylation is accomplished. The
conformational changes associated with these move-
ments could be key features for the coupling to Naq
ion translocation.
Details of the mode of coupling between the chem-
ical and the vectorial reaction of Naq movement
were studied with proteoliposomes containing the
w xpurified decarboxylases 71,117 . The reversibility of
the overall reaction was convincingly demonstrated
with two different decarboxylases within the mem-
w xbrane of the same proteoliposomes 66 . The electro-
chemical Naq gradient established by the exergonic
decarboxylation of oxaloacetate to pyruvate could be
used to drive the endergonic carboxylation of acetyl-
CoA to malonyl-CoA, or the proteoliposome system
with the two enzymes incorporated could operate into
the opposite direction.
Reversibility of the second partial reaction Eq.
 ..4 without participation of the first partial reaction
  ..Eq. 2a has also been demonstrated. Therefore,
proteoliposomes loaded with a high concentration of
NaCl were diluted into buffer containing a low con-
centration of 22NaCl. Uptake of 22Naq into these
proteoliposomes was dependent on bicarbonate and
w xwas completely inhibited by avidin 73 . Hence,
22Naq uptake under these conditions involves an
exchange of internal and external Naq ions as de-
 . qscribed in Eq. 4 . The flux of Na from the inside to
the outside downhill its chemical gradient is assumed
to drive the carboxylation of the prosthetic group, and
the resulting carboxybiotin is then able to drive upon
decarboxylation the uptake of 22Naq against the con-
centration gradient.
A peculiarity of oxaloacetate decarboxylase or
methylmalonyl-CoA decarboxylase became apparent
when the stoichiometry of Naq pumping was deter-
mined. At a low Dm q, two Naq ions were pumpedNa
into the proteoliposomes per decarboxylation of one
molecule of oxaloacetate, and this transport con-
tributed to the internal Naq concentration. At a high
Dm q, the translocation of Naq from the outside toNa
the inside continued with approximately the same
stoichiometry, but this Naq flux was compensated in
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part by Naq flux into the opposite direction. The two
divergent Naq fluxes were catalyzed by the decar-
boxylase Naq pump, resulting in a drop of the stoi-
chiometry of net Naq transport into the proteo-
liposomes per decarboxylation event to values well
below two. In this artificial system, decarboxylation
even continued in the steady state suggesting a bal-
anced pumping of Naq to both sides of the mem-
w xbrane 73,119 .
Important insights into the coupling of the chemi-
cal and vectorial events of the Naq pump have
recently been obtained by mutational analyses of the
oxaloacetate decarboxylase b subunit. It has been
mentioned above that this polypeptide contains two
conserved aspartic acid residues in putative mem-
brane-spanning domains. As these were the favorite
candidates for Naq binding during its translocation
across the membrane, they were exchanged by site-
directed mutagenesis, and the properties of the mu-
tant protein complexes were investigated. Surpris-
ingly, mutations of aspartate 149 to glutamate or
glutamine were without detectable effect on the ox-
aloacetate decarboxylase or Naq transport activities.
In contrast, in the D203N or D203E mutants, these
two activities were completely abolished. The effect
was entirely in the second partial reaction, i.e. the
decarboxylation of the carboxybiotin enzyme, while
the carboxyltransfer from oxaloacetate to the pros-
thetic biotin group was not affected. These data thus
indicate a direct participation of Asp203 in the catal-
w xysis of the decarboxylation reaction 46 .
It has been shown that the decarboxylation of the
carboxybiotin residue on the enzyme requires a pro-
w xton releasing CO as a reaction product 67,116 . If2
Asp203 was the proton donor for this catalysis, its
mutation should lead to an inactive enzyme, exactly
what was observed. After the proton has been deliv-
ered from Asp203 to the carboxybiotin and decar-
boxylation has taken place, the aspartate residue must
be reprotonated before the catalysis can continue. As
Asp203 is located in the interior segment of the
membrane, its reprotonation could be accomplished
from either side. If the protonation proceeded from
the side to which Naq ions were pumped and oppo-
site to that where the carboxybiotin binds, the decar-
boxylation should include proton movement across
the membrane in the opposite direction of Naq
pumping. This has in fact been demonstrated. Upon
Naq pumping into the interior volume of oxaloac-
etate decarboxylase-containing proteoliposomes, this
compartment became alkaline. The generation of a
proton gradient directed oppositely to the Naq gradi-
ent is also in accord with the effect of ionophores on
the transport of Naq by oxaloacetate decarboxylase
into proteoliposomes. The rate of Naq transport was
 q.about double in presence of valinomycin qK as
compared to the control, but was hardly affected by
the proton conductor carbonylcyanide m-chloro-
 .phenylhydrazone CCCP . While the rate-limiting
membrane potential is dissipated by valinomycin-in-
duced Kq movement, this cannot be accomplished by
CCCP-stimulated Hq movement, apparently because
the latter must proceed against the DpH generated
w xand is therefore unfavorable 46 . Another interesting
observation is the inhibition of oxaloacetate decar-
q  .boxylase by high Na concentrations )100 mM
markedly at high pH. This can be interpreted by the
competition between Naq and Hq to bind to Asp203.
As for the catalysis of carboxybiotin decarboxylation
Asp203 has to be protonated, the binding of Naq to
this residue causes inhibition of the decarboxylation
reaction.
Based on these findings a model was envisaged for
the coupling of the decarboxylation reaction to Naq
q w xand H movement across the membrane 46 . The
model shown in Fig. 7 assumes two different Naq
binding sites, one with high affinity at the carboxybi-
otin residue bound to the b subunit and one with low
affinity at Asp203. The high affinity site is accessible
 .from the cytoplasm under physiological conditions
and must be occupied with Naq if decarboxylation is
to occur. The low affinity site at Asp203 is accessible
from the periplasm and may be occupied with Naq,
Hq, or remain empty. It is assumed further in this
model that only one of the two Naq binding sites can
be occupied by this alkali ion at any time, but that
protonation of Asp203 does not prevent occupation
of the high affinity site by Naq. The catalytic cycle
 .may occur through steps A–E Fig. 7 as follows. As
soon as the biotin prosthetic group becomes carbox-
ylated by the carboxyltransfer from oxaloacetate E
.“A , the negatively charged carboxybiotin could
move into a binding pocket on the b subunit, where
it becomes part of the Naq binding site. After Naq
has bound to this site, the protein assumes a closed
conformation, where the alkali ion can be delivered
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 . qto Asp203 B . The Na transfer may be facilitated
by releasing the carboxybiotin residue from the bind-
ing pocket in the hydrophobic environment of the b
 .subunit B “ C . The associated conformational
change exposes the Naq binding site at Asp203 to
the outside of the membrane, where it can be dis-
placed by another Naq ion or by a proton. Only the
latter substitution initiates the decarboxylation of car-
boxybiotin through steps D–E, and leads to a net
Naq translocation. To reach step D, it is further
necessary that the high affinity site on the carboxybi-
otin is occupied by a new Naq ion. The protein
 .thereby resumes the closed conformation D in which
an exchange of Naq and Hq between the two sites
becomes possible. Upon acceptance of the proton
from Asp203, the carboxybiotin undergoes immediate
decarboxylation, which opens the conformation so
that the Naq ion can be released from its low affinity
site at Asp203 to the periplasmic side of the mem-
brane. Thus, when the cycle reaches state E, a net
extrusion of two Naq ions and the transport of one
Hq in the opposite direction per decarboxylation of
one oxaloacetate to pyruvate and CO is achieved.2
The entire Naq translocation mechanism described
in this model is founded on the interaction between
the negatively charged carboxybiotin, which is as-
sumed to represent one Naq binding site, and the
Asp203 residue, which is thought to coordinate the
second Naq binding site. The model postulates on
one side a conformational change of the protein after
the binding of a Naq ion to the negatively charged
carboxybiotin and on the other side a Naq
transferrexchange between carboxybiotin and the
Asp203 residue of the b subunit. The most interest-
ing feature of this residue is to bind either Naq ions
or protons, whereby in the latter case decarboxylation
of carboxybiotin is achieved and the consumed pro-
ton transported across the membrane in the opposite
direction of Naq transport. Such a countertransport
has previously been described for the sarcoplasmic
2q 2q w xCa -ATPase during Ca transport 168 .
The proposed model implies a strict coupling be-
tween the chemical decarboxylation reaction and the
vectorial Naq transport. Indeed, it was not possible to
measure Naq translocation in reconstituted proteo-
liposomes containing the membrane-bound bg sub-
units only, even after the application of a consider-
w xable membrane potential 45 . This indicates the
mandatory requirement of the carboxylated a sub-
unit and explains why the decarboxylation of car-
boxybiotin is strictly Naq-dependent. Therefore, in
contrast to the F part of the F F ATPase, the0 1 0
q w xFig. 7. Model for the coupling between oxaloacetate decarboxylation and Na translocation 46 . For details see text.
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membrane-bound oxaloacetate decarboxylase sub-
units alone cannot catalyze the transport of Naq ions.
Since the Naq-binding carboxybiotin group is
thought to interact with Asp203, a biotin binding
pocket in the b subunit can be inferred. The region
around this binding pocket could thereby form a
water channel, similar to the channels found in bac-
w x qteriorhodopsin 190 , and facilitate Na translocation.
Many threonine and serine residues which may form
such a hydrophilic region are found within predicted
membrane-spanning helices of the b subunit.
Whether the g subunit also contributes to some ex-
tent to the required structures for Naq translocation is
not known.
In analogy to the ATPase, the stoichiometry of two
pumped Naq ions per oxaloacetate decarboxylated
raises a severe mechanistic problem for the coupling
between the two reactions. The simple subunit com-
position of oxaloacetate decarboxylase excludes a
rotational movement of one or more subunits that
w x qmay take place in the F F ATPase 1 . The Na1 0
andror proton translocation pathway through ox-
aloacetate decarboxylase, therefore, is more likely to
resemble the proton pathway adopted by the cy-
w xtochrome c oxidase 134 . Thus, for example, a sin-
gle proton is required for the decarboxylation of
carboxybiotin as compared to two protons consumed
by the oxidase for the reduction of molecular oxygen
to water. In both cases, the involvement of the pro-
tons for the chemical reactions decarboxylation of
.carboxybiotin or formation of water induces the
transport of Naq ions or protons across the mem-
brane. The proton translocation through the oxidase
involves two different pathways, one for the protons
to be consumed and one for the pumped protons,
while for oxaloacetate decarboxylase, the competition
of Naq ions and protons for the same ion binding site
 .Asp203 may indicate that ion translocation through
the membrane-bound b subunit occurs at least par-
w xtially along the same pathway 46 .
As already mentioned, conformational changes of
the ion-translocating b subunit are relevant for Naq
translocation. Such changes of the protein conforma-
tion are predicted to take place on both sides of the
membrane, thereby exposing either the high affinity
Naq binding site on carboxybiotin or the low affinity
Naq binding site on Asp203 or both to the cytoplasm
or periplasm, respectively. Only through these con-
formational changes, however, the decarboxylase has
the possibility to transport two Naq ions per decar-
boxylation reaction with the postulated Naq binding
sites. This sequential transport mechanism using dif-
ferent protein conformations has again strong similar-
ities to the mechanism applied by cytochrome c
oxidase, where the conformational changes may be
w xperformed by a single histidine residue 134 .
2.5. Naq-translocating malonate decarboxylase
Malonomonas rubra, a strictly anaerobic, Gram-
negative bacterium receives all of its energy for
growth from the decarboxylation of malonate to ac-
w xetate and CO 36 . As the free energy of malonate2
 oX .decarboxylation DG sy17.4 kJrmol is not suf-
ficient to support the synthesis of 1 mol ATP from
ADP and inorganic phosphate, the ATP synthesis
must proceed via an ion gradient over the membrane.
It has indeed been shown that malonate decarboxyla-
tion includes a membrane-bound enzyme component
q w xand is specifically activated by Na ions 112,113 .
These results suggest that an electrochemical Naq
gradient is formed during malonate decarboxylation
and thus, that the decarboxylase is a member of the
Naq-transport decarboxylase enzyme family de-
scribed in 2.1–2.2. Malonate decarboxylase, how-
ever, is more distantly related to the other members
of this group mainly because free malonate is chemi-
cally more difficult to decarboxylate than the sub-
strates of the Naq-translocating decarboxylases dis-
cussed above. To overcome this difficulty malonate is
converted into a thioester derivative with the enzyme.
Formation of the malonyl-S-enzyme occurs by an
exchange with enzyme-bound acetyl thioester residues
w xwhich are therefore essential for catalysis 112,113 .
These acetyl residues are posttranslationally intro-
duced into the decarboxylase by a specific ligase with
ATP and acetate as substrates. Another possibility to
activate the enzyme in vitro is by chemical acetyla-
tion with acetic anhydride. Conversion of the acetyl-
S-enzyme into the SH-enzyme by treatment with
hydroxylamine or mercaptanes resulted on the other
hand in its complete inactivation. Upon incubation of
the SH-enzyme with iodoacetate the functionally im-
portant SH-residue of the prosthetic group became
specifically carboxymethylated. Hence, the reacetyla-
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tion of this SH-group with regeneration of catalytic
activity was impaired.
These interconversions of the enzyme are shown in
Fig. 8 together with a hypothetical reaction mecha-
w xnism for malonate decarboxylation 112,113 . The
catalytic entity for malonate decarboxylation com-
prises several cytoplasmic as well as membrane-lin-
ked proteins. One of these is a cytoplasmic protein of
 .14 kDa that acts as the acyl carrier protein ACP
w x14 . The decarboxylation of malonate is initiated by
an exchange of the acetyl-thioester residue on this
acyl carrier protein with malonate forming the mal-
onyl-S-ACP and acetate. The transferase responsible
for this reaction is a cytoplasmic protein of 64 kDa
w xthat has been purified to homogeneity 112 . The
enzyme not only reacted with acetyl- and malonyl-S-
ACP but also with acetyl- and malonyl-S-CoA by
virtue of structural similarity of the prosthetic group
 .of the ACP with coenzyme A see below . In the
malonyl-S-ACP, the malonyl moiety is properly acti-
vated for decarboxylation. The CO moiety of this2
derivative is believed to be transferred to a cytoplas-
w xmic biotin protein 112,114 , thereby regenerating the
acetyl-S-ACP. The final step of malonate decarboxy-
lation is the liberation of CO from the carboxybiotin2
protein. This step is catalyzed by a membrane-bound
protein and is believed to be coupled to Naq translo-
w xcation across the membrane 112 .
To identify the chemical structure of the prosthetic
group, the acyl carrier protein was specifically la-
beled at its catalytically active thiol group with iodo-
w 14 x1- C acetate. Following acid hydrolysis,
w14 xC carboxymethylcysteamine was identified. The
X  Ycysteamine residue is part of a 2 - 5 -
. Xphosphoribosyl 3 -dephospho-CoA moiety that was
cleaved from the acyl carrier protein by alkaline
hydrolysis and identified by mass spectroscopy after
w xisolation by HPLC 14 . This prosthetic group is
w xidentical to that of citrate lyase 206 .
A soluble malonate decarboxylase enzyme com-
plex has recently been isolated from K. pneumoniae
w x212 . It consists of four different polypeptides with
apparent molecular masses of 65, 32, 30, and 12 kDa,
respectively. The 12 kDa subunit represents the acyl
X  Ycarrier protein which carries the 2 - 5 -phosphoribo-
. Xsyl -3 -dephospho CoA moiety. During catalysis, the
acetyl-S-ACP and malonate are converted to mal-
onyl-S-ACP and acetate, and the former is subse-
quently decarboxylated with Hq as the second sub-
strate yielding CO and regenerating acetyl-S-ACP.2
The Klebsiella enzyme differs from the M. rubra
malonate decarboxylase by its lack of a biotin com-
 .Fig. 8. Proposed mechanism for the malonate decarboxylase of M. rubra steps 1–3 and for the inactivation–reactivation pathways of
 .  .the enzyme system steps 4–6 . ACP is the acyl carrier protein. The enzymes catalyzing the individual steps are as follows: 1
 .  .acetyl-S-acyl carrier protein:malonate acyl carrier protein-SH transferase, 2 malonyl-S-acyl carrier protein carboxytransferase, 3
 .carboxybiotin decarboxylase, and 4 HS-acyl carrier protein:acetate ligase. Steps 1 and 2 are catalyzed by soluble enzymes and step 3 is
catalyzed by a membrane-bound enzyme. This reaction is believed to be linked to Naq pumping. Steps 5 and 6 are nonenzymic reactions.
Step 6 denotes the specific carboxymethylation of the SH-residue of the prosthetic group with iodoacetate which causes irreversible
w xinactivation 14,112,113 .
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ponent and a membrane-bound carboxybiotin-enzyme
decarboxylase functioning as a Naq pump. As these
proteins are essential to create an energy conserving
Naq gradient, malonate decarboxylation by K. pneu-
moniae is not linked to energy conservation.
3. Methyltetrahydromethanopterin:coenzyme M
methyltransferase
Another Naq pump operates in methanogenic bac-
teria. The path of CO reduction to CH is coupled2 4
to proton pumping and Naq pumping by two distinct
w xenzymes 43,262 . The proton translocation system
has been characterized as a heterodisulfide reductase
w x42,107 . The formation of methyl-coenzyme M
 . 5CH -S-CoM from N -m ethyltetrahydro -3
 .methanopterin CH -H MPT and coenzyme M is3 4
another exergonic step in the pathway of methane
formation from acetate or CO plus H . The methyl-2 2
transferase is an integral membrane protein function-
ing as a Naq pump. This was discovered in an
investigation with inverted vesicles from
w xMethanosarcina strain Go1 11,12 . The methyltrans-¨
ferase from Methanobacterium thermoautotrophicum
w xhas been purified and characterized 87,88,261 and
the corresponding genes have been cloned and se-
w xquenced 99,227 . Eight contiguous genes organized
as a transcription unit were identified and shown to
encode the eight different subunits of the methyl-
transferase complex molecular masses: 23, 12.5, 24,
.21, 28, 12, 13, and 34 kDa . Six of these subunits
have between 42% and 53% hydrophobic amino acids
and have therefore tentatively been assigned to be
localized within the integral segment of the mem-
brane. The residual two polypeptides molecular
.masses: 23 and 34 kDa have 38% hydrophobic
amino acids and could have a more peripheral loca-
tion.
Analyses of the purified enzyme complex revealed
the presence of approximately 2 mol 5X-hydroxybe-
nzimidazolyl cobamide, 8 mol non-heme iron and 8
mol acid-labile sulfur per 160 000 g protein the
molecular mass of the complex, if it consists of one
.copy each of the eight different polypeptides . These
results indicate the presence of cobalamine and
ironrsulfur clusters in the methyltransferase com-
plex. Evidence for the presence of a cobamide pros-
thetic group in the 23-kDa subunit was obtained.
Localization of the putative ironrsulfur clusters was
not possible yet, because no cysteine residues were
present in three of the eight subunits and because
none of the remaining five subunits showed sequence
motifs that are characteristic for ironrsulfur clusters
w x87,99 .
The cobalamin prosthetic group plays a key role in
the catalysis of the methyl transfer reaction. After
 .isolation, the inactive enzyme contained the cofac-
 .tor in the cob II amide form as evidenced from EPR
w x  .88 . Upon reduction with Ti III citrate, the
 .cob I amide was formed and the enzyme became
active. The first step in the overall catalysis is the
transfer of the methyl group from CH -H MPT to3 4
 .the cob I amide prosthetic group, leading to the for-
mation of Co-methyl-5X-hydroxybenzimidazolyl
 .cob III amide. This reaction is succeeded by the
 .methyl transfer from the methyl-Cob III amide en-
zyme intermediate to CoM-SH which yields CH -S-3
 .CoM and regenerates the cob I amide prosthetic group
on the 23 kDa-subunit of the enzyme. In analogy to
the cobamine-dependent methionine synthetase reac-
tion, the methyl transfer from CH -H MPT to HS-3 4
CoM is apparently the result of two successive nu-
cleophilic substitution reactions with enzyme-bound
X  .Co-methyl-5 -hydroxybenzimidazolyl cob III amide
w  .xE-CH -Co III as intermediate. The two partial re-3
  .  .. w xaction are shown below Eqs. 7 and 8 88 :
CH -H MPTqE:Co I .3 4
|H MPTqE:CH -Co III 7 .  .4 3
E:CH -Co III qHS-CoM .3
“E:Co I qCH -S-CoM 8 .  .3
Whereas the first partial reaction was reversible,
the second was irreversible and proceeded in the
w xdirection of CH -S-CoM formation only 88 . The3
two partial reactions have also been demonstrated
 .with exogenous cob I alamin as substrate. Here, the
 .cob I alamin accepted methyl groups not only from
w xCH -H MPT but also from CH -S-CoM 261 . These3 4 3
model reactions are consistent with the mechanism of
two successive nucleophilic substitution reactions of
 .the cob I amide prosthetic group at the methyl carry-
 .ing substrate and product, forming the cob III amide
as an intermediate.
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Consistent with the function as a Naq pump, the
overall methyl transfer reaction was Naq-dependent,
half maximal stimulation being obtained at 50–100
q w xmM Na 88 . The affinity of the methyltransferase
for Naq is thus higher than that of any of the other
q Na pumps that have been investigated see Sections
.2–4 of this article . Whether the first or the second
partial reaction is coupled to Naq translocation across
the membrane has not unambiguously been solved at
present. Sodium ion accumulation by inverted vesi-
cles from M. mazei was not only observed with
CH -H MPT and coenzyme M as substrates, but also3 4
when methyltetrahydrofolate and hydroxy-cobalamin
in the presence of dithiothreitol were added as artifi-
w xcial substrates for the first partial reaction 12 . In
contrast, investigations of the Naq-dependence of the
two partial reactions with the purified enzyme from
M. thermoautotrophicum showed that only the sec-
ond partial reaction, measured as 14CH -transfer from314  . qCH -cob I amide to coenzyme M, was Na -depen-3
w xdent 261 . From this result one would assume that
the second partial reaction is coupled to Naq ion
pumping. Naq-transport experiments with proteo-
liposomes containing the purified enzyme will proba-
bly solve this problem.
4. NaH-translocating NADH:ubiquinone oxido-
reductase
An unusual respiratory chain enzyme has been
discovered by Tokuda and Unemoto in the Gram-
wnegative marine bacterium Vibrio alginolyticus 238–
x240 . These cells generated at pH 8.5 upon respira-
tion a membrane potential that was resistant to 50
mM of the uncoupler carbonyl-cyanide m-chloro-
 .phenylhydrazone CCCP . In contrast, at pH 6.5, the
cells behaved in a more regular fashion to CCCP: 10
mM of the uncoupler were sufficient to completely
collapse the electrical potential. Interestingly, the
generation of the CCCP-resistant Dc was accompa-
nied by an acidification of the cytoplasm, indicating
that the membrane becomes permeable for protons by
the uncoupler leading to Hq accumulation in the
cytoplasm in response to the Dc generated. These
results can only be explained by the operation of an
electrogenic pump at pH 8.5 that pumps another ion
than Hq.
Respiring cells extruded Naq ions at pH 8.5 even
in the presence of 10 mM CCCP. No Naq extrusion
driven by respiration was observed, however, at pH
6.5 and in presence of 10 mM CCCP. These results
indicated the operation of a primary respiratory Naq
pump at pH 8.5 in cells of V. alginolyticus that was
w xapparently absent at more acidic pH values 239 .
The conclusion was strengthened by the isolation
of Nap mutants in which the respiratory Naq pump
was lacking. These mutant cells extruded Naq at pH
8.5 by virtue of a primary proton pump in combina-
tion with a NaqrHq antiporter but were unable to
pump Naq ions directly. Therefore, the Naq extru-
sion was completely abolished in presence of 10 mM
w x qCCCP 233,234 . Na was required for optimum
NADH oxidase activity by wild-type V. alginolyticus
membranes but did not affect this activity in mutant
membranes. The site for Naq activation in the respi-
ratory chain of V. alginolyticus could be shown to be
in the segment catalyzing electron transfer from
w x qNADH to ubiquinone 241 . The corresponding Na -
activated NADH:ubiquinone oxidoreductase was pre-
dicted, therefore, to function as a primary Naq pump.
Transport studies with membrane vesicles from V.
alginolyticus were in accord with this supposition
w x237 . Further investigations revealed the presence of
two different kinds of NADH-ubiquinone oxidore-
ductases in wild-type cells; one is Naq-dependent
 . q  .NQR1 and the other is Na -independent NQR2
w x106,234,248 . The Nap mutants specifically lack
NQR1. NQR2 which was isolated from the Nap
mutants consists of two different subunits of 45 and
75 kDa, respectively, and is apparently not linked to
an energy conserving transport across the membrane.
An NADH:ubiquinone reductase, that is coupled to
proton transport, like in mitochondria, Paracoccus
denitrificans, E. coli and many other bacteria, was
not found in V. alginolyticus. The ubiquinol formed
by NADH oxidation by NQR1 or NQR2 is reoxi-
w xdized by a bo-type ubiquinol oxidase 181,248 . The
purified enzyme consisted of subunits with apparent
molecular masses of 79, 36, and 13 kDa, respec-
tively, and contained cytochromes b, o, and copper
ions. In contrast to ubiquinol-1, cytochrome c was
not oxidized by the enzyme. Naq ions had no effect
on the activity of this ubiquinol oxidase which is in
accord with its reported functioning as a proton pump
w x148,221 .
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Early biochemical studies on the Naq-dependent
NQR1 revealed a specific inhibition of this enzyme
 .by low mM concentrations of 2-n-heptyl-4-
 . w x qhydroxyquinoline N-oxide HQNO 241 or Ag
w xions 249 . As NQR2 is not inhibited under similar
conditions one can easily discriminate between the
two activities. Hayashi and Unemoto have reported a
purification for NQR1 from V. alginolyticus resulting
in a preparation composed of three different poly-
peptides, termed a , b and g , with apparent molecu-
lar masses of 52, 46 and 32 kDa, respectively, con-
taining FMN and FAD as the only redox cofactors
w x101–103 . While this three-subunit enzyme was de-
scribed to be an active NADH:ubiquinone oxido-
reductase, a preparation consisting of the b subunit
only was reported to catalyze NADH oxidation with
artificial electron acceptors, such as menadione, ferri-
cyanide or ubiquinone-1. As NADH oxidation under
the latter conditions does not lead to ubiquinol forma-
tion, the quinone is apparently reduced to the
semiquinone state, from where it becomes reoxidized
by O .2
More recently, catalytically active Naq-NQR1 of
V. alginolyticus has been isolated in our laboratory.
The enzyme was found to be more complex than
anticipated previously. In addition to the a , b and g
subunits just mentioned, a fourth subunit with appar-
ent molecular mass of 33 kDa was found to be
w xabsolutely essential for Q reductase activity 197,198 .
This very hydrophobic polypeptide termed a, see
.below was readily lost upon further fractionation of
the enzyme with retention of NADH oxidase but
distortion of the Q reductase activity. Further evi-
dence for the subunit composition of the Naq-NQR1
was obtained from DNA sequencing studies. A clus-
ter of six open reading frames was identified that was
tentatively assigned as the nqr operon
w x10,104,105,205 . The genes have been termed
nqrA-nqrF, based upon their arrangement in the
operon. By comparison with N-terminal sequence
data, NqrA can be ascribed to the a subunit and
NqrC can be ascribed to the g subunit. The presence
of binding motifs for NADH and FAD in NqrF
further revealed that this is equivalent to the NADH-
oxidizing b subunit which has a blocked N-terminus.
While the a , b and g subunits are predominantly
hydrophilic, the putative additional subunits of the
complex NqrB, NqrD, and NqrE, are all very hy-
drophobic. They have been termed a, b and c, similar
to the distinction between hydrophilic and hydropho-
w xbic subunits in the F F ATPase 198 . The largest of1 0
 .these subunits NqrB is probably identical to subunit
a observed in SDS-PAGE of purified NQR1. Its
lower mobility on SDS-PAGE than predicted from
the DNA sequence is in accord with its very hy-
drophobic character. Table 2 gives a comparison of
the polypeptides of Naq NQR1 identified by SDS-
PAGE with those predicted from the DNA sequence
w xof the nqr operon 198 . The presence of subunits b
 .  .NqrD and c NqrE in the purified NQR1 has not
yet been verified.
A thorough biochemical analysis of the purified
Naq-NQR1 revealed essential insights into the elec-
tron path from NADH to ubiquinone and has firmly
q w xestablished its operation as a Na pump 198 . If we
assume that one copy of each of the six subunits
predicted from the DNA sequence is present in the
enzyme complex, then its molecular mass without
.the cofactors would be 212 550 Da. Based on this
figure, we found about 2 mol non-heme iron and 2
Table 2
Comparison of polypeptides predicted from the DNA sequence of the nqr operon with those identified by SDS-PAGE
Subunit Caculated molecular mass Apparent molecular mass Apparent Comments
 .  .from DNA sequence; Da SDS-PAGE; Da subunit
NqrA 48 622 50 700 a N-terminal sequence
 .NqrB 46 809 33 300 ? a Very hydrophobic
NqrC 27 703 31 700 g N-terminal sequence
NqrD 22 602 b Very hydrophobic
NqrE 21 540 c Very hydrophobic
w xNqrF 45 274 45 900 b Binding motifs for 2Fe-2S ,
FAD, and NADH
 . w xThe hydrophilic subunits are designated by greek letters, and the tentative hydrophobic subunits are designated by latin letters 198 .
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mol acid labile sulfur, 0.5 mol FAD and 0.5 mol
ubiquinone-8 per mol enzyme. These figures indicate
w xthat a 2Fe-2S cluster, FAD and ubiquinone-8 are
prosthetic groups. The lower than expected amount of
the latter two cofactors probably results from losses
during the extraction procedure. The presence of
FMN in the NQR1, that was reported by Hayashi and
w xUnemoto 102,103 , could not be confirmed. Partici-
pation of the FAD in the electron transfer was shown
by the disappearance of absorbance around 450 nm
that is typical for an oxidized flavin, following NADH
w xaddition to the purified enzyme 197 . FAD is the
likely acceptor of the two electrons from NADH as in
other NADH oxidizing flavoproteins. Redox titrations
which revealed a single midpoint potential of a flavin
prosthetic group of y295 mV are in accord with this
w xsupposition 19 . EPR spectroscopic analysis of NQR1
revealed the appearance of a signal typical for a
w xq w x2Fe-2S cluster upon reduction with NADH 198 .
The spin concentration of the cluster was as expected
w xfor the presence of one 2Fe-2S prosthetic group per
enzyme molecule. These data thus confirm the results
from the chemical analyses and further demonstrate
that the iron–sulfur cluster takes part in the electron
transfer catalyzed by NQR1.
A model for the electron pathway in NQR1 is
shown in Fig. 9. Following the reduction of FAD
with the two electrons from NADH, the FADH may2
w xreduce the 2Fe-2S cluster by a one electron transfer,
producing the flavin radical as the second product.
After reoxidation of the iron–sulfur cluster, electron
transfer from the flavin radical would reduce it again
and would regenerate the oxidized flavin ready to
take over two electrons from NADH again. As Naq
ions had no effect on the midpoint potential of the
w xflavin 10 , the first two anticipated reduction steps of
the electron transfer chain in NQR1 are probably not
directly linked to Naq transport. From sequence
comparison, the binding sites for NADH, FAD and
w xthe 2Fe-2S cluster could be located on the b sub-
w xunit 205 . The first reduction steps are therefore
apparently catalyzed by the hydrophilic b subunit.
We further propose that the tightly bound
 . w xubiquinone-8 Q 198 takes part in the electronA
transfer chain. It receives the electron from the re-
duced iron–sulfur center and becomes thereby re-
duced to the semiquinone state. The subsequent elec-
tron transfer to the acceptor quinone Q ,B
ubiquinone-8 under physiological conditions and
.ubiquinone-1 in the in vitro system investigated
converts Q to the fully oxidized and Q to theA B
semiquinone state. The Q may then be fully reducedB
to the quinol state with a second electron deriving
from the semiquinone state of Q . This reductionA
step seems to be Naq-dependent and HQNO-sensi-
tive. It has been shown that in the absence of Naq or
in the presence of HQNO, NADH oxidation by NQR1
does not lead to the reduction of ubiquinone-1 to
ubiquinol-1, but to the formation of superoxide radi-
w xcals 101,198 . From this observation it is proposed
that oxygen accepts the electron from the semiquinone
state of Q , if its further reduction to the quinol stateB
is prevented by HQNO or by the absence of Naq
ions. The formation of semiquinone radicals are in
accord with EPR data which showed a strong radical
w xq w xsignal in addition to the 2Fe-2S signal 198 . The
radical concentration was by a factor of 6–14 greater
than that of the Fe-S cluster in the NADH-reduced
Fig. 9. A model for the electron transfer within the Naq-translocating NADH:ubiquinone oxidoreductase of V. alginolyticus. The sites for
Agq or HQNO inhibition and for Naq stimulation are indicated. FADP represents flavin radicals. Q and Q indicate tightly-bound andA B
Py w xloosely-bound quinones, respectively. Q, Q and QH indicate quinone, semiquinone radical and quinol, respectively 198 .2
( )P. DimrothrBiochimica et Biophysica Acta 1318 1997 11–51 31
purified NQR1. This excludes FAD as the source and
is in accord with the formation of the semiquinone
 .form of Q-8 Q that may be stabilized by itsA
binding to the enzyme.
The Naq pump activity of NQR1 of V. alginolyti-
cus has been directly demonstrated with proteo-
w xliposomes containing the purified enzyme 198 .
22 Naq was accumulated within these proteo-
liposomes in response to ubiquinone-1 reduction by
NADH. The transport was inhibited by HQNO and
 q.was stimulated by valinomycin in presence of K
or by CCCP. The stimulation by these ionophores
indicates an electrogenic Naq transport that is inhib-
ited by the generation of a membrane potential. Stim-
ulation rather than inhibition of the transport by the
uncoupler further indicates that the transport of Naq
ions is a primary event and not involving the interme-
diate formation of a proton gradient. From initial rate
measurements the apparent stoichiometry of the pump
was calculated to be 0.5 Naq ions transported per
reduction of 1 ubiquinone. This is of course a mini-
mum value because reconstituted proteoliposomes are
usually less perfectly coupled than the ion pumps
operating under in vivo conditions. Concerning the
mechanism of Naq transport one may speculate that
Q bound to the integral membrane sector of theB
protein by reduction to the semiquinone state would
acquire a Naq specific site. This site would be
occupied by Naq ions from one side of the mem-
brane through an appropriate access channel, thereby
compensating the unfavorable negative charge on the
semiquinone in a medium of low dielectric. Only a
semiquinone that has been electrically neutralized by
Naq binding may be able to take over a second
electron in the low-dielectric environment. The reduc-
tion to the quinol state is associated with a dramatic
increase of the pK values of its two OH-groups. This
promotes the protonation of the fully reduced quinol
from the appropriate membrane side pushing the
bound Naq ions into the release channel through
which they are delivered to the other side of the
membrane.
It appears that the Naq-translocating NQR1 is
structurally not related to the Hq-translocating coun-
w x qterparts 205 . The Na -NQR1 is the most simple
version of an energy-conserving NADH:ubiquinone
oxidoreductase. It seems to be composed of only six
different subunits instead of 14 to )40 for the
q wH -translocating NQR1 enzymes 39,167,254,260,
x269,270 . The latter proteins contain FMN and sev-
eral iron–sulfur clusters, whereas the Naq-NQR1 has
w xFAD and only one 2Fe-2S cluster. The basic mecha-
nism of the coupling between electron transport and
ion translocation across the membrane may neverthe-
less be quite similar. A membrane-associated part of
the enzyme has all the redox cofactors except for the
quinones and carries out the initial reduction steps.
The final reductions of the quinones probably in-
volves the membrane-integrated components and is
the likely site for the coupling to the ion transloca-
tion. In this respect, the Naq-translocating NQR1
may be a suitable model system to study the catalytic
mechanism of this kind of enzymes. The Naq-NQR1
is apparently easier to handle than any of the Hq-
translocating counterparts because it can be purified
in a catalytically competent state allowing the recon-
stitution into proteoliposomes with retention of the
q w xNa transport activity 205 . Until now, this has not
been possible for any of the Hq-translocating NQR1
enzymes despite considerable efforts.
A number of other Gram-negative marine and
halophilic bacteria have been reported to contain a
Naq-dependent NADH:ubiquinone oxidoreductase,
probably acting essentially as the Naq-NQR1 of V.
alginolyticus. Examples of these organisms are: Vib-
rio parahaemolyticus, Vibrio costicola, halotolerant
bacterium Ba , and Alteromonas sp. strain 201. In1
all these bacteria, the enzyme is used to generate an
electrochemical gradient of Naq ions at the expense
wof the free energy of respiration 146,147,235,244,
x247 .
A related Naq-translocating NQR1 was also found
in Klebsiella pneumoniae, where it is induced upon
w xanaerobic growth on citrate 70 . The citrate fermen-
tation pathway does not include redox reactions which
lead to the formation of NADH. The oxidation status
of citrate is above average for cellular components,
and reducing equivalents are therefore required to
synthesize the cell materials from this substrate.
Whereas most anaerobic bacteria are confronted with
the problem to get rid of reducing equivalents result-
ing from oxidation of their growth substrates, citrate-
fermenting K. pneumoniae have to cope with the
difficulty of producing NADH for biosynthetic reac-
tions.
A careful analysis of the citrate fermentation bal-
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ance revealed the formation of more CO and less2
formate than expected from a 1:1:1 stoichiometry
w xbetween citrate and these products 196 . Part of the
formate could thus be oxidized to CO and the2
reducing equivalents used for NADH synthesis. This
supposition was confirmed by measuring NADH for-
mation in whole K. pneumoniae cells. The internal
NADH concentration increased significantly upon
formate addition to an anaerobic cell suspension and
in response to a DpNaq)y100 mV. The reduction
of NADq to NADH was also catalyzed by inverted
membrane vesicles of K. pneumoniae with formate
as electron donor. The formation of NADH required
anaerobic conditions and was dependent on a Dm qNa
of about 120 mV consisting of DpNaq of 60 mV and
Dc of the same magnitude. Neither DpNaq of 60
mV nor the Dc of this size were sufficient to drive
w xthis reaction 196 .
These results suggested that NADH formation in
citrate fermenting K. pneumoniae cells proceeds in
two steps: the first is an exergonic reduction of
ubiquinone with formate as electron donor and the
second is the endergonic electron transfer from
ubiquinol to NADq leading to the formation of
NADH. The latter reaction is dependent on Dm qNa
and is thus a Dm q-coupled reversed electron trans-Na
fer. The two reactions leading to NADH synthesis are
  .  ..formulated below Eqs. 5 and 6 :
HCOOHqQ“CO qQH 5 .2 2
QH qNADqqn Naq2 out
“QqNADHqHqqn Naq 6 .in
Biochemical investigations on the anticipated
NADH:ubiquinone oxidoreductase revealed similari-
ties of the enzyme from Klebsiella with that from V.
w xalginolyticus 70 . The enzyme which was solubilized
from the membranes with Triton X-100 catalyzed the
reduction of ubiquinone-1 to ubiquinol-1 with NADH
in a Naq-dependent fashion. Superoxide radical for-
mation was observed in the presence of NADH and
ubiquinone-1 and in the absence but not in the pres-
ence of Naq ions. It is suggested that the superoxide
radicals arise from semiquinone radicals which are
formed by one electron reduction of the quinone in a
Naq-independent manner. The further reduction of
the semiquinone to the quinol state is apparently
Naq-dependent and therefore the likely site for cou-
pling between electron transport and Naq transloca-
tion across the membrane. Like NQR1 form V. algi-
nolyticus, the K. pneumoniae enzyme was inhibited
by low concentrations of HQNO or Agq ions. The
coupled transport of Naq ions has been demonstrated
with inverted membrane vesicles and the isotope
22Naq. The transport was inhibited by HQNO but not
by the uncoupler FCCP. This shows that Naq trans-
port is catalyzed directly by the NADH:ubiquinone
oxidoreductase and not by a proton-translocating res-
piratory chain enzyme in combination with a
NaqrHq antiporter. In summary, these data infer
similar features of the Naq NQR1 from K. pneumo-
niae and V. alginolyticus with the important differ-
ence that the physiological function of the former
enzyme is to synthesize NADH with Dm q as en-Na
ergy source whereas the latter one oxidizes NADH
with Dm q generation.Na
The oxaloacetate decarboxylase Naq pump creates
the Dm q required for NADH synthesis in Kleb-Na
siella. The main purpose of Dm q generation in V.Na
alginolyticus is apparently to drive solute uptake by
various Naq-dependent secondary transport systems
w xpresent in this marine organism 236 . These cells
also exhibit a unique flagellar motor that is Dm q-Na
w xdriven 6,32,48 .
5. NaH-translocating F F ATPase1 0
5.1. Naq cycle in Propionigenium modestum leading
to ATP synthesis by decarboxylation phosphorylation
Propionigenium modestum is a strictly anaerobic
bacterium that grows from the fermentation of succi-
w xnate to propionate and CO 211 . The pathway of2
energy metabolism is shown in Fig. 10. It involves
 .  .the intermediates succinyl-CoA, R - and S -meth-
ylmalonyl-CoA and propionyl-CoA and operates at a
total free energy change of only y20 kJrmol. As
this amount of energy is not sufficient to synthesize 1
mol of ATP from ADP and inorganic phosphate three
to four decarboxylation reactions have to be coupled
to one ATP synthesis reaction.
An important enzyme in the energy metabolism is
the membrane-bound methylmalonyl-CoA decarbox-
w xylase 120 . This is a member of the biotin-containing
Naq translocating decarboxylases that have been de-
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scribed in Section 2 of this article. The electrochemi-
cal Naq ion gradient generated in the decarboxyla-
tion reaction is the only free energy source for ATP
synthesis in this bacterium. To cope with the problem
q qof using Dm for ATP synthesis and not Dm asNa H
.usual , P. modestum possesses a novel type of F F1 0
ATPase that uses Naq as the physiological coupling
w x qion 120,161,162 . The Na ions pumped outwards
by the methylmalonyl-CoA decarboxylase are taken
up again by the ATPase and the Dm q is theNa
energetic link between exergonic methylmalonyl-CoA
decarboxylation and endergonic ATP synthesis. There
is no evidence yet whether P. modestum performs a
proton cycle in addition to this Naq cycle, e.g. for
pH homeostasis, the uptake of succinate or for extru-
sion of propionate. This most remarkable ATP syn-
thesis mechanism which does not involve electron
transport reactions in the membrane has been termed
w xdecarboxylation phosphorylation 120 .
5.2. Structure of the P. modestum ATPase
The Naq-translocating ATPase has been extracted
from the membranes of P. modestum and purified.
Inspection by SDS-PAGE revealed the presence of
eight different subunits in a pattern similar to that of
the eight different subunits of the F F ATPase from1 0
w xEscherichia coli 162 . Furthermore, the F part could1
be dissociated from the P. modestum membranes and
w xpurified in the absence of detergents 161 . This
consisted of 5 different subunits a , b , g , d , e which
showed a similar pattern on SDS-PAGE as the five F1
subunits from E. coli. The a and b subunits of P.
modestum F reacted with antibodies against the cor-1
responding E. coli subunits, thus indicating that they
w xare phylogenetically related 164 . The three F sub-0
units that were present in the F F preparation but not1 0
in F are termed a, b and c as in the E. coli F . Like1 0
subunit c of E. coli, that of P. modestum reacted
 .with dicyclohexylcarbodiimide DCCD and could
thus be identified by its specific labeling with the
w xradioactive compound 162 . The c subunits formed
strong aggregates of about six of these polypeptides
that resisted boiling with 1% SDS for 2 minutes.
Dissociation to the monomers required heating with
SDS to 1208C in an autoclave, precipitation by tri-
ch lo ro ace tic ac id , o r ex trac tio n w ith
chloroformrmethanol prior to SDS–gel electrophore-
sis.
The genes encoding the different subunits of the
F F ATPase from P. modestum have been cloned1 0
w xand sequenced 4,139,159,171 . The eight structural
q  .Fig. 10. Energy metabolism of Propionigenium modestum with a Na ion cycle coupling the exergonic decarboxylation of S -methyl-
 .  .  .malonyl-CoA to endergonic ATP synthesis. a Succinate uptake system the mechanism of the transport is not known ; b succinate
 .  .propionyl-CoA:CoA tranferase; c methylmalonyl-CoA mutase and methylmalonyl-CoA epimerase; d methylmalonyl-CoA decarboxyl-
 .ase; e ATPase. Stoichiometries for the coupling ions are unknown and were therefore not taken into account.
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genes are clustered on the chromosome in the same
 .order as in the E. coli atp operon Fig. 11 . Also
similar is the presence of the atpI gene upstream of
the structural genes. Its gene product is not a subunit
of the ATPase and its physiological function is ob-
scure; in E. coli it has been clearly shown by dele-
tion mutagenesis that the i protein is not essential for
w xATPase function 214 .
N-Terminal protein sequencing established the
translational start of all polypeptides except for the a
w xsubunit which has a blocked N-terminus 89 . A
comparison of the amino acid sequences between the
P. modestum and the E. coli ATPase revealed that
the percent identity of the F subunits a, b and c is0
 .low 25.2%, 32.1% and 25% . This is also the case
for subunits d , g and e of the F moiety 28.3%,1
.34.4% and 27.4% , whereas subunits a and b are
more closely related 54.8% and 67.5% identity, re-
.spectively . These relationships between correspond-
ing subunits of the P. modestum and E. coli ATPase
are familiar to various F F ATPases, where a high1 0
overall similarity is only found for subunits a and b
w x256,257 . While the sequence data firmly establish
the belonging of the P. modestum ATPase to the
F-type family, they provide no hints to the specific
alterations that must occur to convert a Hq-pumping
ATPase into a Naq-pumping one.
5.3. Catalytic properties
Extensive studies have been performed on the
structure and function of mitochondrial and bacterial
Hq-translocating ATPases and a number of excellent
wreviews are available on this topic 20,80,81,100,
x132,193,195,213,218,255 . Fundamental insights into
the catalytic events leading to ATP synthesis at the F1
moiety were recently obtained by solving the struc-
ture of most of the F part of the bovine heart1
w xenzyme 1 . It was shown that the three a and the
three b subunits form a hexagon surrounding an
extended internal cavity. The g subunit which forms
an antiparallel coiled coil structure is located in this
internal cavity. The structures of the a and b sub-
units are almost identical and consist of three do-
mains: The N-terminal b-barrel domain, the central
nucleotide binding domain, containing the conserved
 .P-loop nucleotide binding motif GXXXXGKTrS ,
 .and a C-terminal bundle domain a-helices . The
nucleotide binding sites are located at the interfaces
between a and b subunits. The three catalytic sites
are predominantly on the b subunits with some
contribution from side chains of the a subunits, and
the three noncatalytic sites are predominantly on the
a subunits. The most important finding is the asym-
metry of the b subunits, particularly in the region of
the active sites leading to an empty nucleotide bind-
 .  .ing site b , one with bound ATP b and oneE TP
 .with bound ADP b . This asymmetry is associ-DP
ated with the asymmetric positioning of the g subunit
relative to the a b hexagon.3 3
These asymmetric features coincide nicely with the
binding change mechanism for ATP synthesis that is
w xbased on kinetic experiments 20,34,195 . According
to this model, each of the three different catalytic
sites assumes one of three conformations and moves
phase-shifted with respect to the other sites through
the same cycle of conformational states. ATP synthe-
sis is presumed to proceed through the following
 .steps: 1 ADP and inorganic phosphate are bound to
 .  .the loose L binding site while the tight T binding
 .site is occupied with ATP and the open O binding
 .site is empty; 2 a conformational change converts L
to T, T to O, and O to L. This conformational change
requires an input of energy that must ultimately
Fig. 11. Physical map of the atp operon from P. modestum.
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derive from Dm q. The consequences of these con-H
certed conformational changes of the three sites are
as follows: ADP and P in the T site condense to ATPi
with an equilibrium constant between the dinucleo-
tide and the trinucleotide close to 1; ATP is released
from the binding site in the O conformation; ADP
and P are bound to the site in the L conformation.i
The net synthesis of ATP from ADP and inorganic
phosphate is thus the result of continued conforma-
tional changes at the nucleotide binding sites with the
described binding changes that are accomplished by
harnessing the free energy of the electrochemical
 qproton gradient Dm in case of the P. modestumNa
.ATPase . These continuous and simultaneous confor-
mational changes of the three catalytic sites could be
explained best according to the structure, if the asym-
metric g subunit would rotate relative to the a and b
w xsubunits 1 . By this rotation, the g subunit would
form a similar contact with each of the three b
subunits, one after the other, so that each one of them
would go through the same set of conformational
changes during a complete turn of the g subunit. The
model has been tested by the formation of disulfide
bridges between a specific cysteine residue of the g
subunit and a cysteine residue introduced into the
DELSEED sequence of the b subunit. After reduc-
tion of the initial b–g crosslink, only exposure to
conditions for catalytic turnover resulted in the for-
mation of crosslinks between the g and either one of
the three b subunits upon reoxidation. This result
indicates rotation of the g subunit relative to the b
w xsubunits during catalysis 75 . The rotational model
resembles the flagellar motor, where the flagellar
w xqrotation is driven by Dm 172 . The movement ofH
q  q.H or Na through the F part of the ATPase0
should likewise be linked to the rotation of the g
subunit, if the rotational model is correct. The mecha-
nism of this rotation is neither understood, however,
for the flagellar motor, nor for the F F ATPase.1 0
The basic features for the catalysis of ATP synthe-
sis by the Hq-translocating F F ATPases and the1 0
Naq-translocating F F ATPase from P. modestum1 0
are probably the same. The dissociated F moiety1
from the P. modestum enzyme catalyzed the hydroly-
sis of ATP to ADP and inorganic phosphate like all
w xother F ATPases investigated 161 . The F moiety1 0
which conducts protons in case of Hq-translocating
F F ATPases, however, conducts Naq ions in case1 0
w xof the P. modestum ATPase 150 . Another important
difference of F F from P. modestum to other F F1 0 1 0
ATPases is its specific activation by Naq or Liq ions
w x151,152,161 . Remarkably, the activation of ATPase
activity was dependent on an intact F F complex,1 0
while the isolated F moiety catalyzed ATP hydroly-1
q  q.sis independent of the Na or Li concentration
w x161 . Upon reconstitution of the F F complex from1 0
the isolated F and F moieties from P. modestum,1 0
the activation of the ATPase by Naq or Liq ions was
restored. These results indicated the presence of a
q  q.Na Li binding site on the F moiety of the P.0
modestum ATPase that must be occupied to induce
ATPase activity of the F F complex. Activation of1 0
ATP hydrolysis at F by binding the coupling ion to1
F is in accord with a coupling between the chemical0
and the vectorial reaction and indicates long-range
conformational changes that are transmitted from the
Naq-binding sites on F into the catalytic sites on F .0 1
The pH profile of the P. modestum ATPase in the
absence of Naq ions was markedly different from
that in the presence of saturating Naq concentrations
w x q151 . The Na -activated ATPase activity followed a
bell shaped curve with a broad pH optimum around
pH 7.5 and rather sharp decreases below pH 7.0 and
above pH 8.5. In contrast, ATPase activity in the
absence of Naq ions was much smaller, and signifi-
cant activities were observed only at pH values below
neutrality. The pH-optimum of the Naq-independent
ATPase was at pH 6.0–6.5, and at increasing pH
values the activity dropped to reach nondetectable
levels at pH 9.7. The degree of activation by Naq
ions increased continuously from about 1.5-fold at
pH 5.5 to about 20-fold at pH 7.5 and above. This
remarkable activation of the enzyme by Naq ions
indicates that a reaction step involving binding of
Naq ions to the F moiety is rate limiting for the0
ATPase activity. The pH profile at saturating Naq
concentrations therefore reflects the pH profile of the
Naq binding active site on F , not the pH depen-0
dence of the ATP hydrolyzing catalytic center on F .1
A plot of log V against pH indicated pK values ofmax
6.8 and 8.7 that may therefore be the pK values of
ionizing groups at the Naq binding site. Activation
profiles of the ATPase by Naq ions were very differ-
ent at acidic or alkaline pH values. At pH 9.0, there
was virtually no ATPase activity in the absence of
Naq ions. With increasing Naq concentrations, the
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ATPase activity increased with strong positive coop-
 .erativity n s2.6 and reached a maximum at aroundH
1 mM NaCl. These results indicate the presence of at
least three Naq binding sites that must be occupied
for maximal ATPase activity. At pH 6.5, ATPase
activity was already observed in the absence of Naq
ions. Upon Naq addition, the activity increased with
 .negative cooperativity n s0.6 reaching its maxi-H
mum at about 12 mM NaCl. The negative cooperativ-
ity at acid pH values may be explained by an occu-
pancy of most of the sites with protons. It may be
more difficult under these conditions to replace the
protons by Naq ions at three or more sites in the
same ATPase molecule. This, however, would be
 .required for maximal activation see above . In sum-
mary, these results suggest a competition between
Naq and Hq for a common binding site. The binding
of protons to this site increases at the more acidic pH
values and causes partial activation of the ATPase. At
the more alkaline pH values, Naq is the favorite
cation to bind, and this causes the maximal activation
of ATPase activity.
5.4. NaqrH q transport by the P. modestum ATPase
The activation of the ATPase activity by Naq ions
correlates with the function of this enzyme as a
primary Naq pump. This activity has been clearly
demonstrated with proteoliposomes containing the
w x qpurified enzyme 162 . The rate of ATP-driven Na
transport into these proteoliposomes increased about
fourfold after dissipation of the rate-determining
membrane potential with either valinomycin in pres-
q.ence of K or the uncoupler CCCP. Stimulation
rather than inhibition of the Naq transport rate by the
uncoupler excludes a Naq transport mechanism via a
Hq gradient as an intermediate and demonstrates that
the P. modestum ATPase pumps Naq ions directly.
This conclusion was further corroborated by showing
Dm q-driven ATP synthesis with proteoliposomesNa
containing the purified P. modestum ATPase
w x51,137 . Another interesting feature of this enzyme
is a switch from Naq to Hq translocation at unphysi-
 . q w xologically low -1 mM Na concentrations 163 .
This property indicates an even closer relationship
between the P. modestum ATPase and other Hq-
translocating F F ATPases and is reflected by the1 0
Naq-independent ATPase activity of the soluble en-
w xzyme 151 . Proton pumping was completely pre-
vented in the presence of CCCP or by blocking the
ATPase with DCCD. The proton pumping activity of
the ATPase was also affected by the presence of Naq
ions. The activity was at its maximum in the absence
of Naq ions and declined gradually to zero by in-
creasing the Naq concentration from 0 to 1 mM, and
half maximal proton pumping activity was observed
w x qat 0.2 mM NaCl 163 . A similar Na concentration
 . q0.4 mM NaCl produced half maximal Na trans-
port activity of the P. modestum ATPase. These
results have been explained by a competition of Naq
and Hq for a common binding site on the enzyme. At
pH 7.0 and Naq concentrations of about 10y4 M,
this site may be occupied with either Naq or Hq, and
both cations are translocated, whereas at Naq con-
centrations of 10y3 M and above, only the alkali ion
is transported. The switching from Hq to Naq
translocation in response to the NaCl concentration
applied suggests that the mechanism for the translo-
cation of these two different cations is the same. The
physiological coupling ion in a P. modestum cell is
certainly Naq and not Hq, because these bacteria
w xrequire 0.35 M NaCl for optimum growth 211 .
5.4.1. Mechanism of Naq translocation through the
F part of the P. modestum ATPase0
To understand the catalytic mechanism of F F1 0
ATPases and the coupling between the chemical and
vectorial reaction, detailed knowledge about the
mechanism of ion translocation through F is indis-0
pensable. A widely accepted model for Hq transloca-
tion across F from proton-translocating ATPases is0
that of a pore, through which the protons flow in
response to an electrical or chemical concentration
gradient and which becomes blocked upon F bind-1
ing. As Naq fluxes are much easier to determine than
proton fluxes, studies on the mode of Naq transport
through the F part of the P. modestum ATPase were0
undertaken. Therefore, the F part of reconstituted1
proteoliposomes containing F F was removed, and1 0
Naq uptake into the F -liposomes was determined0
w x q150 . Upon application of a K -diffusion potential
 . qinside negative Na uptake into the F -liposomes0
was observed. The rate of Naq uptake was dependent
on the external Naq concentration, following typical
saturation kinetics with K for Naq of about 0.6m
mM. As this value is about the same as that for Naq
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w x qpumping by the F F complex 163 , the Na binding1 0
properties of F are not significantly influenced by0
the binding of F . It is also evident from these results1
that Naq-translocation through F involves binding of0
this cation to specific sites of the protein. In the
absence of Naq ions, protons were translocated by
w x qthe F -liposomes 150 . Upon Na addition, the rate0
of proton transport gradually decreased, and with 2
mM NaCl proton conduction through F was com-0
pletely abolished. The same NaCl concentration on
the inside of the proteoliposomes, however, was
without effect on proton translocation, indicating that
the accessibility of the Naq binding site in F is0
strictly oriented with respect to the applied membrane
potential. With an inside negative membrane poten-
tial, Naq binds from the outside and is released to the
inside, but no Naq transport occurs in the opposite
direction.
Of considerable interest was the observation that
the rate of Naq translocation downhill its concentra-
tion gradient was very low, if no membrane potential
w xwas applied 150,154 . Even at Dcsy40 mV, the
Naq transport into the proteoliposomes remained
slow. However, on further increasing the potential,
the velocity of Naq uptake increased rapidly to reach
about 10 times higher rates at y115 mV than at y40
mV. This behavior could indicate a gated channel
with a threshold of )y40 mV for opening or
alternatively a transporter with a membrane
potential-dependent step in the reaction cycle.
It was important, therefore, to determine whether
F catalyzed an exchange between internal and exter-0
nal Naq ions in the absence of Dc . The exchange
turned out to be not only catalyzed at equal Naq
concentrations on both sides of the membrane, but
also if 22Naq had to be translocated from a compart-
ment with low 22Naq concentration into a compart-
ment with high but unlabeled Naq concentration
 . 22 qcounterflow . Na counterflow could be accom-
plished by a channel-type mechanism, if a diffusion
potential is generated by the downhill movement of
unlabeled Naq ions and drives 22Naq uptake against
the Naq concentration gradient. The observation that
22Naq counterflow was 10 times faster than Naq
uptake at Dcsy40 mV, however, is not compati-
w xble with the channel mechanism 150 .
These data were therefore explained by a trans-
porter-type model, as shown in Fig. 12. The binary
Fig. 12. Schematic representation of reactions involved in Naq
influx and counterflow as catalyzed by the F moiety of the P.0
modestum ATPase. Naq counterflow proceeds by the reversible
 .reactions 1, 2 and 3 solid and dashed lines in the absence of a
q  .membrane potential. Na uptake solid lines in addition requires
the membrane potential-dependent reorientation of the unloaded
 .carrier step 4 . At membrane potentials of about y100 mV, the
velocity of step 4 must be so high that counterflow does not
occur. F catalyzes Naq efflux, if the membrane potential is0
 . w xreversed outside negative 150 .
complex of F and Naq is assumed to move freely0
over the membrane, so that the alkali ion can bind or
dissociate from the carrier on both sides. This leads
to the exchange of internal and external Naq ions
observed in the absence of a membrane potential. In
the presence of a potential, the model predicts that
 . qthe unloaded carrier moves its empty Na site from
the negative towards the positive surface of the mem-
brane. If this process is faster than the binding of
Naq to the empty site or the reorientation of the
binary complex, only unidirectional Naq transport
occurs and exchange is prevented, exactly what was
w xfound experimentally 150 .
5.5. Location of the Naq binding site
As described above, there is compelling evidence
that the Naq binding site is located on the F part of0
the P. modestum ATPase. The cooperative binding
q  .of Na with n s2.6 see Section 5.3 indicates thatH
at least three Naq binding sites must exist simultane-
ously. This is only possible if the sites are located on
the c subunits occurring in 9–12 copies in the com-
plex.
The c subunit of different F F ATPases is known1 0
to be the target for the reaction with DCCD. This
compound makes a specific substitution at a highly
conserved acidic amino acid residue within the C-
terminal membrane-spanning a-helix to yield the
N-acyl isourea derivative. Concomitant with this
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chemical modification, the ATPase activity was im-
w xpaired 128,217 .
Extensive mutational analyses were performed with
subunit c of the E. coli ATPase. If the DCCD-reac-
 .tive amino acid Asp61 was mutated to asparagine
or glycine, the proton-translocating activity of the
w xATPase was completely abolished 128 . This func-
tion was partially recovered, however, in the double
w xmutation D61G, A24D 176 . An explanation for this
remarkable observation could be based on the struc-
ture of subunit c. Purified subunit c in the solvent
 .mixture chloroformrmethanolrH O 4:4:1 retained2
the chemical reactivity of Asp61 towards DCCD.
Partial resolution of the structure by NMR spec-
w xtroscopy in this solvent 92–94 indicated two anti-
parallel a-helices that are connected by a hydrophilic
loop, whose structure could not yet be defined. The
methyl group of alanine 24 of the N-terminal helix
and the carboxyl group of aspartate 61 of the C-
terminal helix are in close contact to one another.
Loss of function by mutating D61 to G and partial
recovery of this function by the additional mutation
of A24 to D, therefore, suggests that a charged
residue at the location of these two amino acids
exposed to the inside of the hairpin structure is
essential for function. Interesting mutations have also
been obtained in the polar loop region which contains
the conserved sequence Arg41-Gln42-Pro43. The mu-
tations Q42E or R41K were shown to have an uncou-
pled phenotype with near normal F and F functions1 0
w x83,182,185 . This part of the loop seems therefore
very important for the coupling between the chemical
events in F and the vectorial events in F . Interest-1 0
ingly, suppressor mutations for the Q42E mutants of
subunit c were found in subunit e of the F part1
w x273 . Transmission of the conformational changes
q  q.that couple H Na transport to ATP synthesis
involves, therefore, the interaction of the polar loop
with subunit e , either through a direct physical con-
tact, or indirectly via another of the stalk subunits.
The close physical contact between the polar loop
region of subunit c and subunit e was demonstrated
by crosslinking studies with cysteine residues intro-
duced by mutagenesis into the two ATPase subunits
w x271 .
The c subunit of the P. modestum ATPase is
assumed to have a similar gross structure as the E.
coli c subunit. Alignment of the sequences indicates
that the P. modestum c subunit extends the E. coli c
subunit by 4 amino acids at the N-terminus and by 6
w xamino acids at the C-terminus 171 . The conserved
acidic amino acid residue in the membrane spanning
part of the P. modestum c subunit, that is essential for
translocation of the coupling ions and is the target for
modification by DCCD, is glutamate 65. This residue
was therefore a key candidate for Naq binding during
the translocation of this alkali ion across the mem-
brane.
Experimental evidence for this hypothesis was ob-
tained from the kinetics of ATPase inactivation by
DCCD depending on pH and Naq concentration
w x151 . At pH 5.6 and 08C, inactivation of the ATPase
by DCCD occurred with a second order rate constant
of 1P105 My1 miny1 which is in the range of sec-
 .ond order rate constants k rK of many enzymes.cat m
This high reaction rate which is about 107-times
faster than the reaction of DCCD with acetic acid
under similar conditions, indicates a very specific
binding of DCCD at its site of modification Glu65
.of subunit c .
The rate constant for inactivation of the ATPase by
DCCD was highly pH-dependent. It increased about
an order of magnitude in going from pH 8.5 to pH
5.5 following a titration curve with pK 7.0. This
pH-dependence indicates a pK of 7.0 for the
DCCD-reactive Glu65 residue of subunit c and that
this residue must be protonated in order to get modi-
fied. Another important observation was a specific
protection of the ATPase from inactivation by DCCD
in the presence of Naq ions. This protection was
observed at all pH values investigated and led to a
shift of the titration curve into the more acidic range.
In the presence of 0.5 mM or 1 mM NaCl, the pK of
Glu65 thus decreased to 6.2 or 5.8, respectively.
These results indicate a competition between Hq and
Naq for binding to glutamate-65 of the c subunit,
which therefore is the active site residue for the
transport of these coupling ions by the ATPase from
w xP. modestum 151 .
The binding of Naq to cGlu65 not only is essential
for the transport of this alkali ion but also induces the
catalytically most active form of the ATPase see
. qabove . To accommodate for H translocation by a
mechanism similar to that of Naq translocation one
may assume that cGlu65 is a binding site for protons
 qunder certain conditions e.g. low Na concentra-
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.tions . Binding of protons to this site leads to proton
translocation across the membrane concomitant with
an activation of the ATPase. In case of the P.
modestum enzyme this activation is considerably less
than with Naq ions bound instead of protons to this
site.
Complementary to the results from ATPase inacti-
w14 xvation kinetics were those from C DCCD labeling
studies. Specific labeling of subunit c was observed
upon incubation of the P. modestum ATPase with the
radioactive carbodiimide. This labeling was enhanced
at acidic pH values and was prevented in the pres-
q w xence of Na ions 152 . Similar observations have
also been made with subunit c isolated in chloro-
 .formrmethanolrH O 4:4:1 after its transfer into an2
w xaqueous buffer containing dodecylmaltoside 153 .
Thus, the isolated c subunit retains the Naq binding
site, which when occupied prevents the modification
of glutamate 65 by DCCD.
The very high rate and specificity of the reaction
of DCCD with cGlu65 is intriguing and may result
from the resemblance of part of the DCCD structure
with an amino acid side chain that comes into close
contact with Glu65 during the catalytic cycle. Such a
resemblance is indeed obvious between the guanidino
group of arginine and the protonated carbodiimide
moiety of DCCD, that is assumed to be formed by
protonation from glutamic acid 65, before nucleo-
philic attack of Gluy at the protonated DCCD leads
w x  .to the covalent modification 151 Fig. 13 . Support-
ing evidence for this hypothesis was obtained in
 .studies with ethylisopropylamiloride EIPA . EIPA
has a guanidinium group like arginine and protected
the ATPase competitively from the modification by
w xDCCD 151 . EIPA seems therefore to bind at the site
for DCCD binding near the reactive Glu65 residue of
subunit c. Based on such reasoning a transport mech-
q  q.anism for Na or H can be envisaged, where the
cation is bound to Glu65 in one step and is released
from this site by ion exchange with an arginine side
chain in a later step. In the low dielectric medium at
glutamate 65, Naq ions will form a strong complex
with the carboxylate and an ion exchange type of
mechanism would therefore be an ideal means to
release it from this binding site. In addition, this
mechanism avoids an energetically unfavorable gen-
eration of an unbalanced negative charge in the hy-
drophobic environment of Glu65, because this charge
 .  .Fig. 13. Structures of protonated DCCD a , arginine b , and
 .EIPA c . Similar structural elements are boxed.
would be always compensated by binding Naq, Hq,
or arginine.
5.6. Properties of P. modestumrE. coli hybrid AT-
Pases
5.6.1. Hybrid ATPase formed in ˝itro
To elaborate further on the relationship between
Hq- and Naq-translocating F F ATPases, in vitro1 0
reconstitution experiments were performed with the
 .F part from P. modestum PF and the F part from0 0 1
 .E. coli EF . A functional EF PF complex was thus1 1 0
obtained that after reconstitution into proteo-
liposomes catalyzed Naq transport or Hq transport at
low Naq concentrations in response to ATP hydroly-
w xsis 164 . These results are therefore in accord with
the notion that the F part is exclusively responsible0
for the coupling ion specificity and further strongly
argue against the participation of transmembrane Naq
or Hq ions in the process of ATP synthesis at the
catalytic site. The direct coupling hypothesis pro-
posed by P. Mitchell is therefore very unlikely to be
w xcorrect 179 . It should be noted that in spite of the
Naq transport activity of the hybrid ATPase, this has
largely impaired ion coupling properties, as revealed
from an ATP to Naq stoichiometry of about 140
w x164 .
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5.6.2. Hybrid ATPases synthesized by E. coli
The formation of a functional EF PF complex by1 0
in vitro reconstitution has prompted an extensive
search for functional E. colirP. modestum ATPase
hybrids with various subunit combinations. The con-
struction of these chimeras was performed by in vivo
complementation of E. coli ATPase mutants with the
corresponding genes from P. modestum. The idea
was to gain by this approach insight into the subunits
defining the coupling ion specificity of the ATPase.
Simultaneously, these subunits would take an active
part in the mechanism of ion translocation across the
membrane. E. coli mutants with defects in the a or c
subunit were complemented with the genes on plas-
mids encoding the corresponding subunits from P.
modestum. Although the P. modestum proteins were
synthesized in the respective E. coli mutants, they
were unable to substitute the missing E. coli subunits
w xso that a functional ATPase was not formed 90 .
Other expression studies were performed in the
unc deletion strain E. coli DK8 that lacks the entire
w xatp operon 149 . Combinations of ATPase genes
from P. modestum and E. coli were constructed on
plasmids and used to transform E. coli DK8. Several
of these constructs are shown in Fig. 14. Transfor-
mants with plasmid pBWFO18, expressing an EF PF1 0
hybrid, exhibited considerable ATPase activities. The
enzyme was not functional as an ATP synthase,
however, because the coupling between ATP hydrol-
q w xysis and Na transport was impaired 91 . An imper-
fect interaction between EF and PF , apparent from1 0
the weak binding of the F moiety to the membrane,1
is probably responsible for the uncoupled phenotype.
Complementation studies of the unc deletion strain
DK8 were also performed with plasmid pUG2 which
contains the whole atp operon from P. modestum
under the control of a lac promoter. Although all
ATPase subunits were expressed, there was no de-
tectable ATP hydrolyzing activity, indicating that the
w xF part was not functional 91 . The reason for the1
missing function could be the lack of an additional P.
 .modestum gene product assembly factor , which
cannot be replaced by the corresponding E. coli
protein. The involvement of assembly factors for the
correct assembly of F and F was demonstrated in1 0
w xSaccharomyces cere˝isiae 2,263 .
Plasmid pUG4 harbors the genes for subunits a
and c from P. modestum and those for subunits a ,
b , g , d and e from E. coli. The N-terminal hy-
drophobic part of subunit b which is supposed to
interact with the membrane integral subunits a and c
derived from P. modestum, and the hydrophilic C-
terminal part, which probably interacts with the F1
subunits, derived from E. coli. The ATPase activity
of strain DK8pUG4 was similar to that of the wild-
type, but the F moiety was only loosely bound to the1
w xmembrane 91 . The resulting improper interaction
between F and F is probably responsible for the1 0
lack of coupling and thus the inability of the trans-
formed mutant strain to grow on a non-fermentable
 .Fig. 14. Survey of hybrid P. modestumrE.coli atp operons encoded on plasmids pUGP2, pHEP100, pBWF018, pUG4 and on the
 . w xchromosome CM1470rpAP42, equivalent to strain PEF42 91,136,137 .
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carbon source such as succinate. It was further shown
that a properly assembled catalytically functional F0
complex was not formed with the hybrid b subunit.
After solubilization of the ATPase from the mem-
brane with Triton X-100 and partial purification,
neither a nor c subunits were detectable, whereas the
b subunit and a proteolytic fragment of it could be
clearly identified. Removal of the F moiety from1
membranes of the transformed E. coli strain did not
lead to an enhanced proton permeability after applica-
tion of a membrane potential, as would have been
expected from a functional F moiety.0
The first functional hybrid ATPase with parts from
E. coli and parts from P. modestum was obtained by
complementing the E. coli unc deletion stain CM1470
w x w x84 with plasmid pAP42 136,140 . The deletion
mutant lacks the genes for ATPase subunits a, c, b, d
and part of a , and pAP42 contained the correspond-
ing P. modestum genes that were lacking in the E.
coli deletion mutant. After selection for growth on
succinate, positive clones were obtained. These con-
tained a functional hybrid ATPase with properties
very similar to the homogeneous P. modestum AT-
Pase. Analysis of the appropriate gene region indi-
cated that a DNA fragment from P. modestum was
integrated into the genome of the E. coli deletion
mutant by site-specific homologous recombination.
Two recombination events were identified, one within
the uncI gene, located upstream of the structural
genes for the ATPase, and one in the gene for the a
w xsubunit 136 . The latter recombination leads to the
expression of a hybrid a subunit. The hybrid ATPase
expressed from the new E. coli strain, named PEF42,
consists of a, b, c and d subunits from P. modestum,
b and g subunits from E. coli and a hybrid a
subunit. It is interesting that the E. coli stain PEF42,
expressing this ATPase hybrid, required Naq for
growth on succinate. ATP synthesis in this recombi-
nant E. coli strain is therefore apparently coupled to
Naq translocation analogous to ATP synthesis in P.
w xmodestum 136,140 .
The genes for subunits a, b, c and d from P.
modestum were combined with those for a , b , g and
e from E. coli on plasmid pHEP100 and transformed
w xinto the unc deletion mutant DK8 137 . This strain
was again capable to grow on succinate minimal
medium in a Naq-dependent manner, indicating the
expression of a functional hybrid ATPase from the
plasmid pHEP100. This ATPase hybrid was distinct
from that expressed by strain PEF42, in that it con-
tained an E. coli-derived a subunit and not a hybrid
a subunit deriving in its N-terminal part from P.
modestum. The biochemical properties of the hybrid
ATPase were very similar to those of the homoge-
neous P. modestum enzyme. Similar activation pro-
files were obtained for the two different ATPases
with Naq or Liq ions. The ATPase activity was
inactivated by chemical modification of the enzyme
with DCCD, and Naq ions protected it from this
modification reaction. After reconstitution of the hy-
brid ATPase into proteoliposomes, it catalyzed Naq
transport upon ATP hydrolysis. The hybrid ATPase
also catalyzed proton transport, if Naq ions were
 .absent or if only low concentrations -0.5 mM of it
were present. ATP synthesis from ADP and inorganic
phosphate in response to a Dm q of proper directionNa
and magnitude has also been demonstrated. The hy-
brid enzyme was thus a tightly coupled Naq-trans-
locating ATPase that could not be distinguished func-
tionally from homogeneous P. modestum ATPase.
Interestingly, the functional hybrid was only formed
if the F and the d subunits were of a P. modestum0
origin and if the remaining F subunits came from E.1
coli, but not with a P. modestum F and an E. coli0
w xF portion 91 . This indicates important interactions1
between the F subunits and the d subunit which0
could be involved in the transmission of conforma-
tional changes between the F and the F moieties.0 1
The availability of a functional Naq-dependent
hybrid ATPase in E. coli represents an excellent tool
to investigate the ion-binding site by site specific or
random mutagenesis. Changing the ion specificity
from Naq to Hq should result in mutants which are
able to grow on succinate minimal medium without
Naq addition. After in vitro random mutagenesis of
the F genes of pHEP100, several mutant clones with0
w xthe desired phenotype were obtained 138 . The new
phenotype was created by a double mutation in the c
 .subunit. The two amino acid exchanges F84L, L87V
were found unexpectedly within the last six amino
acids of the P. modestum subunit c, a region that
does not exist in the E. coli c subunit according to
amino acid alignments.
For further analyses the double mutation was in-
corporated into the chromosome of strain PEF42 by
homologous recombination, resulting in strain
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w xMPC8487 138 . As this strain could grow on succi-
nate without Naq addition, its ATPase must function
with Hq as coupling ion. Biochemical analyses of the
purified ATPase are in accord with this assumption.
The mutant ATPase was not activated by Naq ions,
but interestingly retained activation by Liq ions. In
addition, the new enzyme exhibited improved proper-
ties for proton pumping, as shown by an about 4-times
higher specific ATPase activity in the cell mem-
branes from the mutant strain as compared to the
 q .parent strain in the absence of Na ions . Proton
pumping was also directly demonstrated after recon-
stitution of the mutant ATPase into proteoliposomes.
Unlike to the P. modestum or parent hybrid ATPase,
proton pumping was not affected by Naq ions, but it
was still impaired by Liq addition. These results
indicate that in the mutant ATPase Naq ions were no
longer able to bind and compete with Hq for binding
and translocation. On the other hand, the cation bind-
ing site could still accommodate binding of the
smaller Liq ions. The Liq ions not only activate the
ATPase from strain MPC8487 and compete with Hq
for proton translocation but they are also actively
w xtransported by this enzyme 138 .
These results can be interpreted in terms of the
w xhairpin-like structure of subunit c 92 and the loca-
tion of the binding site for the coupling ions at
w xglutamate 65 151 . Protons bind from one side of the
membrane to this site and are released to the other
side of the membrane, if there are the appropriate
access and release channels and if the carboxylate
undergoes the appropriate pK changes to coordinate
binding and release of the proton during the translo-
cation cycle. The binding of Naq or Liq, however,
requires not only the carboxylate group, but also
additional liganding groups in the correct geometry to
accommodate complexation of the respective metal
ion. Such ligands could be the hydroxyl groups of
serine 66 and threonine 67 that follow glutamate 65
in the sequence of the P. modestum c subunit, or the
amide group of glutamine 32, that may be positioned
opposite to glutamate 65 on the N-terminal a-helix
w x138 . The cavity size which is determined by these
ligands is essential to discriminate between different
metal ions just as the cavity size within a crown ether
 .or a ionophore e.g. valinomycin determines which
metal ions are bound. As the double mutation which
leads to the loss of the Naq binding site is within the
extended C-terminal part of the c subunit, this may be
important for the functioning as a Naq-coupled en-
zyme. Conceivably, interaction of phenylalanine 84
and leucine 89 with amino acids in their vicinity on
the same or the opposite helix is important for form-
ing the binding pocket around glutamate 65 with the
correct positioning of appropriate ligands for selec-
q  q.tive Na or Li binding. Changing this interaction
in the F84L, L89V mutant may influence the geome-
try of the metal ion binding site. If the cavity size
becomes smaller, one could explain why Naq ions
˚with an ionic diameter of approximately 1.9 A can no
q longer bind, whereas the smaller Li ions ionic
˚ .diameter approximately 1.3 A still fits into the site
and can therefore be transported by the mutant AT-
Pase.
Recently, the c subunit of the E. coli ATPase was
 .mutated around the essential residue Asp61 in such
a way that the E. coli residues were replaced by the
corresponding ones from the P. modestum c subunit
w x 272 . By this series of mutations Val60Ala,
. qAsp61Glu, Ala62Ser, Ile63ThrrAla a Li binding
 q . qsite but not a Na binding site was created. Li
binding to this c subunit mutant leads to the inactiva-
tion of the ATPase. This is in contrast to the P.
modestum enzyme, where Liq binding initiates a
catalytic cycle that upon ATP hydrolysis leads to Liq
translocation across the membrane.
5.6.3. Interactions of a and c subunits during Naq
( q)H translocation through F0
The mechanism for the transport of the coupling
ions through the F part of the ATPase and for the0
coupling of this ion movement to the chemical reac-
tion of ATP synthesisrhydrolysis at the F portion is1
still very obscure. Based on the rotational model that
w xemerged from the F structure 1 , the g subunit1
rotates relative to the a b hexagon. A logical3 3
extension of this model assumes the rotation of addi-
tional subunits in the stalk region and in the F0
w xmoiety 253 . The movement of certain F subunits0
relative to other F subunits should be directly con-0
nected to the ion translocation across the membrane.
Compelling evidence has been accumulated for the
F F ATPases of E. coli or P. modestum that the c1 0
subunit is intimately involved in the Hq or Naq
w xtranslocation mechanism 64,65,80,81 . Mutational
analyses of the E. coli a subunit indicated an in-
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volvement of this subunit in Hq translocation as well
w x27–29,253 . The attention has focused on the C-
terminal 80–85 residues of the protein because this
contains most of the conserved residues and is also
predicted to be largely transmembrane. Residue
Arg210 turned out to be absolutely essential for
proton translocation; this function was already abol-
ished by the most conservative change into a lysine
residue. Other functionally important albeit not abso-
lutely essential residues in this region of the a subunit
include Asp219 and His245. An interesting observa-
tion is a severe defect in the F -mediated proton0
translocation by a H245E mutation, whereas the dou-
 .ble mutant E219H, H245E yielded an ATPase com-
plex with improved proton translocation as compared
w xto the single mutants 28 . These results may indicate
a close interaction of residues 219 and 245 of the a
subunit and the requirement for an acidic residue in
either of these positions in order to catalyze proton
translocation.
In the a subunit of the P. modestum ATPase the
conserved R210 residue is retained, methionine is at
position 219 and aspartate at position 245 E. coli
. w xnumbering 139,140 . The P. modestum ATPase is
thus related to the other ATPases by keeping the
conserved arginine and by the retainment of an acidic
residue at either position 219 or 245. A methionine at
position 219, however, has never been found before
in an ATPase sequence. Whether this substitution is
essential for using Naq as the coupling ion is un-
known. Compelling evidence for the participation of
the a subunit in the mechanism of Naq or Hqrtrans-
location through the F moiety has come from muta-0
tions of the P. modestum a subunit; a triple mutation
in the a subunit led to change the specificity of the P.
modestum ATPase form Naq to Hq as coupling ion.
Since the c subunit was not mutated and retained its
Naq binding site, the additional involvement of the a
subunit in the translocation of the coupling ions is
 .clearly indicated Kaim and Dimroth, unpublished .
A simple model that could accommodate transport
of Naq, Liq, or Hq through F of P. modestum0
exists of water-filled access and release channels
connected to the binding site at cGlu65. Metal ions
moving through the access channel would strip off
their water shell and become liganded to cGlu65, if
they fit properly into the binding cavity. The geome-
try at this site, therefore, determines the coupling ion
specificity of the ATPase and is the structural basis
of the so-called selectivity filter. Subsequently, a
conformation change disconnects the bound metal ion
from the access channel and connects it to the release
channel. Upon lowering the binding affinity, perhaps
by ion exchange with an arginine residue moving into
the vicinity of cGlu65, the metal ion is released from
its binding site and diffuses through the release chan-
nel to the other surface of the membrane. It can be
envisaged that the access andror the release channel
is formed by the a subunit and that this has a distinct
specificity for the translocated cation. In order to
make proper contact of this a subunit-derived channel
to the cation binding sites on the multiple copies of c
subunits, a rotation of the a subunit relative to the c
subunits would be most effective. Inspection of the
E. coli F by electron microscopy revealed a ring of c0
subunits to which the a subunit is attached from the
w xoutside 15 . Based on this structure a rotation would
be quite feasible. The same principal mechanism can
 q q. qaccommodate metal ion Na , Li or H transloca-
tion. Protons could either compete with Naq or Liq,
if an appropriate metal ion binding site is present, as
in the P. modestum ATPase, or could be transported
exclusively, if a metal ion binding site is missing, as
in the E. coli ATPase. For proton transport, it is
sufficient to deliver these ions from one side of the
membrane through the access channel to the carbox-
ylate binding site and release them to the opposite
surface through the release channel following a con-
 .formational change rotation of the a subunit with
concomitant decrease of the pK of the carboxylic
acid.
It is obvious from this mechanism that an ATPase
with a Naq binding site like that from P. modestum
can use protons as alternative coupling ions. In con-
trast, a proton-translocating ATPase like that from E.
coli can not use Naq or another metal as alternative
coupling ion, because no metal ion binding site exists
in this enzyme. One may even predict that any cation
pump operating by this basic principle can substitute
under certain conditions its specific metal ion by a
proton. For the NaqrKq ATPase it has indeed been
found that protons can substitute for Naq or Kq, if
w xeither of these alkali ions is absent 199 . Another
interesting observation is that the Ca2q ATPase of
the sarcoplasmic reticulum catalyzes Hq transport in
2q w xthe opposite direction of Ca transport 168 . Still
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another variation of this theme has been discovered
q for the oxaloacetate decarboxylase Na pump see
. qSection 2.5 . Here protons compete with Na to bind
to the same site, from where they move into the
opposite direction of Naq pumping, to catalyze the
decarboxylation of the acid-labile carboxybiotin
w xresidue 46 .
5.6.4. Other Naq translocating F F ATPases1 0
The Naq-translocating F F ATPases have appar-1 0
ently not found a wide distribution. The only other
example that is known is the ATPase from Acetobac-
w xterium woodii 108,203,204,224 . During acetate for-
mation from CO and H in this anaerobic bac-2 2
terium, a primary Naq pump operates that couples
one of the reactions leading from methylene tetrahy-
drofolate to acetyl-CoA with the extrusion of Naq
ions. The Naq gradient is then used for ATP synthe-
sis by a Naq-translocating ATPase that seems to be
very similar to F F from P. modestum. Although1 0
only 6 instead of the usual 8 subunits were seen on
w xSDS-PAGE of the purified enzyme 203 , the ATPase
of A. woodii may still have the usual composition.
The identification of the corresponding genes will
probably solve this discrepancy.
Other bacteria with a primary Naq pump have
been investigated for the presence of a Naq-trans-
locating F F ATPase. Klebsiella pneumoniae which1 0
expresses the oxaloacetate decarboxylase Naq pump
q w xhas a H -coupled F F ATPase 145 . In Veillonella1 0
par˝ula which grows anaerobically on lactate and
expresses the methylmalonyl-CoA decarboxylase Naq
w xpump, no F F ATPase has been found 164 . The1 0
function of the Naq gradient in this organism is
therefore obscure. Acidaminococcus fermentans
growing anaerobically on glutamate has a glutaconyl-
CoA decarboxylase Naq pump without known
w xphysiological function 25 . Malonomonas rubra
couples the decarboxylation of malonate to acetate to
q w xNa pumping out of the cells 112 . As this is the
only energy form available for ATP synthesis it must
be used for this purpose. It is not known, however,
whether the ATPase of this organism uses the Naq
gradient directly or indirectly via conversion into a
Hq gradient by a NaqrHq antiporter. To establish
whether the Naq gradient created in Vibrio algi-
nolyticus by the NADH:ubiquinone oxidoreductase
q  . qNa pump see Section 3 serves a Na -translocating
F F ATPase as direct energy source, the ATPase of1 0
this organism has been investigated biochemically
and the responsible genes have been cloned and
w xsequenced 77 . These studies have shown that the V.
alginolyticus ATPase is coupled to Hq, not to Naq
w xtranslocation 52,159,160 , as has been suggested pre-
w x qviously 49,50 . Reports in the literature on a Na -
translocating F F ATPase expressed under certain1 0
w xgrowth conditions in E. coli have appeared 7 , but
have to await confirmation from another laboratory.
Alcaliphilic bacilli grow well at pH around 10 and
w xkeep the internal pH well below 9 158 . These
organisms contain an efficient Hq-translocating respi-
ratory chain and control their internal pH by NaqrHq
exchange. The Dm q is thus significantly greaterNa
than the Dm q, but nevertheless, ATP synthesis isH
q wvia a H -translocating F F ATPase 109,123–1 0
x125,127 . Whether the ATP synthesis occurs at ex-
tremely low Dm q values of -y50 mV or at moreH
conventional Dm q values of )y100 mV is aH
w xmatter of debate 98,125,127,157,158 . Accordingly,
an unusual ATP synthesis mechanism by direct cou-
pling of the proton movement within the membrane
and a more conventional ATP synthesis mechanism
have been proposed.
These results show that Naq-translocating F F1 0
ATPases are only rarely found in nature. Probably, to
use a Naq translocating ATPase for ATP synthesis, if
a Dm q is generated in an organism, is not such anNa
advantage that it enforced the development of this
enzyme during evolution. The alternative to convert
the Dm q into a Dm q and use this for ATPNa H
synthesis by a Hq-translocating F F ATPase seems1 0
also to be feasible. The alternative combination of a
Hq-translocating respiratory chain with a Naq-cou-
pled F F ATPase that exists in E. coli PEF42 is also1 0
w x  .possible 136 see Section 5.6 . Although the energy
coupling in this case involves the NaqrHq antiporter
as a link between the energy generating and the
energy consuming reaction, the PEF42 cells do not
grow significantly slower than E. coli wild-type
cells.
5.7. Naq ATPases of the V- and P-type
The ATPases have been classified into three major
w xgroups, The F-, V-, and P-type ATPases 194 . The
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F-ATPases consist of F and F moieties with a1 0
complicated subunit structure. They are located in the
mitochondrial inner membrane, the thylakoid mem-
brane of chloroplasts or the bacterial membrane and
their usual function is to synthesize ATP at the
q expense of an electrochemical gradient of H or
q.  .Na ions see Section 4 . The V-ATPases have a
w xsimilar complex subunit composition 82,183 . They
are typically located in the membrane of organelles
within eucaryotic cells and function by pumping Hq
ions into these organelles. ATPases of this type have
also been recognized in the kingdom of Archea
w x40,41,131 . The P-type ATPases usually consist of
1–2 subunits, they are located in the cytoplasmic
membrane of eucaryotic or prokaryotic cells, and
they catalyze an active transport of various cations
into the cell or out of the cell. A characteristic feature
of these ATPases is the formation of a phosphory-
lated enzyme intermediate during the transport cycle
w x194,97 .
Naq-translocating ATPases have been recognized
within all three classes. Examples for the Naq-trans-
locating F-type ATPases have been described in de-
tail above. A Naq-translocating ATPase of the V-type
was found in the Gram-positive bacterium Entero-
w xcoccus hirae 222,229,230 . This bacterium is devoid
of respiration and depends on an ATPase to energize
the membrane for secondary transport processes. The
cells dispose of a typical Hq-pumping F F ATPase1 0
w x q219 . The Dm established by this enzyme is theH
driving force for Naq extrusion from the cell by the
NaqrHq antiporter in the neutral pH range
w x142,143,259 . At pH 9.5, however, the proton poten-
tial is not generated and Naq extrusion from the cells
relies on a primary Naq-translocating ATPase. Mu-
tants in this ATPase were therefore unable to grow at
pH 9.5 in the presence of )100 mM Naq salts
w x143,259 . A detailed biochemical characterization of
the Naq-ATPase is still lacking. The Naq transport
function of this enzyme has been established, but it is
not known whether the ATPase catalyzes in addition
w xthe countermovement of another ion 141,144 . The
genes for the Naq-translocating ATPase have been
cloned and sequenced. Of eleven contiguous genes
six have been identified as subunits of the ATPase
w x222,229,230 . Alignment of the derived protein se-
quences revealed striking similarities with other
members of the V-type ATPase family. The E. hirae
Naq-ATPase was on the other hand clearly less re-
lated to F-type ATPases, even that present in the
same organism.
Until now, a Naq pumping ATPase of the P-type
has not been described for bacteria, although these
organisms have various ATPases of this type for the
 q 2q qtranslocation of other ions e.g. K , Mg , Cu ,
2q. w xCd 3,133,166,173,186,194,223,243 . In contrast,
the Naq, Kq-ATPase, a typical representative of the
P-type ATPases, is widely distributed in the eucary-
otic kingdom. This enzyme pumps three Naq ions
out of the cell and two Kq ions into the cell for every
ATP hydrolyzed to ADP and inorganic phosphate
and is of fundamental importance to maintain a great
number of cellular functions. This is emphasized by
an estimated consumption of 23% of the ATP by the
sodium ion pump in humans at rest. For further
information on the Naq, Kq-ATPase, the following
w xreviews may be consulted: 44,95,169,220,252 .
6. Conclusion
The basic principle of membrane-linked energy
conversions in mitochondria and chloroplasts is to
couple redox or light-driven electron transfer reac-
tions to proton translocation across the membrane
and to use the electrochemical proton gradient as
driving force for ATP synthesis, transport or other
energy-requiring membrane reactions. Similar bio-
energetic energy conversions are also widely used by
bacteria. These organisms, however, are more diverse
in that not only Hq but also Naq may be used as the
physiological coupling ion and in that exergonic
chemical reactions other than redox reactions may be
employed for sodium ion translocation. Thus, the
membrane-bound decarboxylases of anaerobic bacte-
ria and the methyltransferases of methanogens that
have no counterparts in the organelles of the higher
organisms act as specific Naq pumps.
The utilization of Naq rather than of Hq for
coupling may be the consequence of the catalytic
mechanism, as has been exemplified in the proposed
mechanism for oxaloacetate decarboxylase Section
.2.4 . As the protons required for the chemical decar-
boxylation reaction move across the membrane from
the outside to the inside, only the translocation of
another cation into the opposite direction and over-
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compensating the proton movement will lead to the
conservation of energy.
A contrary case is exemplified by the F F AT-1 0
Pase of Propionigenium modestum. This enzyme is a
relative of the Hq-translocating F F ATPases but1 0
can use Naq, Liq or Hq as alternative coupling ions.
Furthermore, the specificity for either one of these
cations can be modified by only minute amino acid
exchanges. Therefore, the catalytic mechanism for
the translocation of the alkali ions and for protons is
probably very similar in this case.
The Naq-translocating NADH:ubiquinone oxido-
reductase is still another variant of this theme. This
enzyme is structurally not related to its Hq-translocat-
ing counterparts. Hence, entirely different enzymes
were developed in this case to achieve Naq or Hq
translocation although the chemical reaction to which
these ion movements are coupled is the same.
Despite the differences in the mechanisms em-
ployed by the sodium ion translocating enzymes,
there may be fundamental principles in common to
all of them. All different Naq pumps are multisub-
unit complexes composed of a peripheral part that is
responsible for the chemical reaction and an integral
 .membrane-bound part that contains the binding site s
for Naq and promotes Naq translocation across the
membrane. Acidic amino acid residues within the
membrane are an important part of the Naq-specific
site in oxaloacetate decarboxylase and in the Naq-
translocating F F ATPase and may be present in the1 0
other Naq-translocating enzymes as well. Inevitable
elements for the active transport of Naq are an
alteration of the access to the Naq binding site from
one membrane side to the other combined with alter-
ations of the Naq binding affinity. The catalytic
mechanism of these catalysts should therefore include
conformational changes of the protein elicited during
the chemical reaction from the peripheral to the
integral membrane-bound part. Communication be-
tween the Naq binding site and the catalytic center
for the chemical reaction is in fact indicated by the
dependency of catalytic activity on Naq ions by all
different sodium ion translocating enzymes investi-
gated. It is this sophisticated interaction between the
active sites for catalysis and for Naq binding that
assures coupling between the chemical and the vecto-
rial reaction.
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